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Abstract 
Rice (Oryza sativa L.), maize (Zea mays L.) and wheat (Triticum aestivum L.) are 
the major cereal crops in Nepal accounting for more than 95% of cereal 
production in Nepal. The focus of the research are these three cereal crops 
grown in the Terai region of Nepal, which contributes to more than 70% of 
national cereal production. However, yield is reported generally low as result 
of low rainfall and/or fertilizer applications. For improving the cereal 
production in Terai, a sound and balanced management of fertilizer and water 
application encompassing the local limitations and needs of farmers is 
required.   
The major objective of this research is to understand the impact of inorganic 
fertilizer and irrigation application on the yield of the cereal crops in Terai 
region of Nepal. To study the crop response, the AquaCrop model was selected 
and fine tuned for rice, maize and wheat. The calibrated and validated 
AquaCrop model was used to formulate a realistic water and fertility 
management for the grain crops to improve and stabilize the yield. The 
possibility to forecast the yield with the fine-tuned and validated AquaCrop 
model was also investigated as an objective.  
Field experiments were set up in Rampur (Chitwan), taken as a representative 
area of Terai, for two years (2009-2011) to investigate crop response of rice, 
wheat and maize for different fertilizer and water treatments and to collect 
data for calibration and validation of AquaCrop. From field experiments, it was 
observed that there was a significant increase in yield of all crops with higher 
fertilizer application. In the dry season, the water regime played a significant 
role in the increase of the above ground biomass and consequently final grain 
yields. However, the small sample size makes such conclusion speculative; the 
data collected from field experiments were used for fine-tuning the non-
conservative crop parameters of rice, wheat and maize in AquaCrop to the 
local conditions in Terai (Chitwan).  
The calibrated model was able to simulate accurate soil water content, canopy 
development, dry aboveground biomass and grain yield in fertility stressed and 
non-stressed fields. The fine-tuned crop parameters were used to validate 
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AquaCrop for different water and fertilizer treatments. The AquaCrop model 
was able to simulate accurately the effect of the different soil fertility levels on 
biomass production and ultimately crop yield for different water management 
(rainfed and irrigated) and various climatic conditions. The statistical analysis 
of the comparison between the observed and simulated final grain yields 
yielded very good Coefficients of Variation of Root Mean Squared Deviation 
(CV(RMSD)), Coefficients of Determination (R²) and Nash-Sutcliffe Efficiencies 
(EF) of respectively 0.05, 0.89 and 0.84 for rice, 0.10, 0.75 and 0.72 for wheat 
and 0.08, 0.97 and 0.96 for maize. 
A regional farmer household survey was performed to understand the local 
regional crop management. Analysis of the farmer household survey showed 
very low application of fertilizers for the grain crops. The amount of fertilizer 
used depended on the availability of the water. However, chemical fertilizer 
use was always below the National Recommended Fertilizer Dose (NRFD).  The 
major cause of the lower use of chemical fertilizer was mainly due to an 
assumed negative effect (because of unbalanced use) and high costs. The 
amount of irrigation applied decreases as the dry season progresses. Irrigating 
in the dry seasons depended on the availability of groundwater. 
A regional soil survey was performed to determine the variation of the regional 
soil characteristics. Analysis of textural class, bulk density and soil organic 
matter (SOM) content were performed on the soil samples collected. 
Comparison among three pedo transfer functions showed that pedo transfer 
function developed by Saxton and Rawls (2006) has the lowest CV(RMSD) of 
27%, and hence was chosen to determine the representative soil physical 
characteristics required by AquaCrop. 
The fine-tuned and validated AquaCrop model was used to simulate and 
develop different management scenarios for the Chitwan region. To reduce 
the simulation time, the soil was categorized into five soil classes based on the 
soil characteristics (total available water), which was most influential to crop 
yield. The analysis of the spatial variability of the rainfall and 
evapotranspiration in the region showed minimal variability. The climatic data 
from Rampur meteorological station was used to represent the Chitwan 
region. AquaCrop was run on the five soil classes to obtain realistic irrigation 
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and soil fertility strategies for the region by considering the existing water 
availability and soil fertility constraints of the farmers. Results of the 
management strategies indicated that the monsoon rice yield was mainly 
constrained by soil fertility and can be increased with improved soil fertility 
management. For the crops in the dry seasons, yields were mainly constrained 
by water stress. The yields in the dry season can be stabilized and increased 
with deficit irrigation strategies. The amount of irrigation to be applied 
depended on the fertilizer application, so they should be managed accordingly 
to maximize the yield. 
Analysis of the ability of AquaCrop to perform simulations with 10-daily data 
showed that the average soil water content was well simulated and can be 
used to simulate the stress affecting the canopy cover and crop transpiration. 
However, in simulations where soil water content induced early crop 
senescence, the use of 10-daily rainfall data showed some discrepancy and 
underestimated the lower yields. Hence, 10-daily data was not considered for 
use in yield forecast. The simulations with historical daily data to predict the 
yield of maize within the season showed some promising results. The update 
of the climatic data as the season progresses allowed AquaCrop to predict the 
possibility of crop failure already by the mid of season.  The process for yield 
prediction can be used for crops with similar drought sensitive stages. This will 
allow the farmer to react and the government to prepare for yield failure.  
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Nederlandse samenvatting 
Rijst (Oryza sativa L.), maïs (Zea mays L.) en tarwe (Triticum aestivum L.) zijn de 
belangrijkste graangewassen in Nepal, samen goed voor meer dan 95% van de 
graanproductie. De focus van dit onderzoek ligt op de productiviteit van deze 
drie graangewassen in de Nepalese Terai regio, een gebied dat voor meer dan 
70% bijdraagt aan de nationale graanproductie. Ondanks het belang van deze 
regio voor de voedselproductie is de graanopbrengst er in het algemeen laag, 
voornamelijk als gevolg van geringe neerslag en/of weinig bemesting. Om de 
graanproductie in Terai te verbeteren, is goede en evenwichtige toediening 
van meststoffen en water vereist, daarbij rekening houdend met de lokale 
beperkingen en met de behoeften van landbouwers. 
De belangrijkste doelstelling van dit onderzoek is het begrijpen van de impact 
van anorganische meststoffen en irrigatie op de opbrengst van de 
graangewassen in de Nepalese Terai regio. Om gewasgroei en -productie te 
bestuderen, werd het AquaCrop model geselecteerd en geijkt voor rijst, maïs 
en tarwe in de regio. Het geijkte en gevalideerde model werd dan gebruikt om 
een realistisch beheer van water en meststoffen te ontwerpen om de 
graanopbrengsten te stabiliseren en te verbeteren. De mogelijkheid om 
opbrengsten te voorspellen met het gevalideerde AquaCrop model, werd ook 
onderzocht. 
Veldexperimenten werden uitgevoerd in Rampur (Chitwan), in de Terai regio, 
gedurende twee jaar (2009-2011) om (i) de gewasresponse van rijst, tarwe en 
maïs te onderzoeken voor verschillende dosissen van bemesting en water, en 
(ii) om veldgegevens te verzamelen voor de ijking en validatie van AquaCrop. 
De veldproeven toonden een significante toename van de opbrengst van alle 
gewassen als meer meststoffen werden toegediend. In het droge seizoen 
speelde ook de hoeveelheid beschikbaar water een belangrijke rol in de 
toename van de bovengrondse biomassa, en bijgevolg ook in de toename van 
de graanopbrengst. De beperkte omvang van deze kleine steekproef maakt de 
conclusies echter speculatief. Daarom werden de gegevens van de 
veldexperimenten ook gebruikt om de niet-conservatieve gewasparameters 
voor rijst, tarwe en maïs in het AquaCrop model te ijken voor de Terai regio 
(Chitwan).  
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Het geijkte model was in staat om bodemwatergehalte, bladontwikkeling, 
droge bovengrondse biomassa en graanopbrengst accuraat te simuleren voor 
velden met optimale en suboptimale bodemvruchtbaarheid. Ook kon het 
model gevalideerd worden voor verschillende niveaus van water en 
bemesting. AquaCrop was nauwkeurig in het simuleren van het effect van 
verschillende bodemvruchtbaarheidsniveaus op de biomassaproductie en 
finale gewasopbrengst, en dit voor verschillende vormen van waterbeheer 
(regengevoed en geirrigeerd) en verschillende klimatologische 
omstandigheden. Statistische analyse van de verschillen tussen geobserveerde 
en gesimuleerde finale graanopbrengst leverde zeer goede resultaten op: de 
variatiecoëfficiënt van de gemiddelde kwadratische afwijking (CV(RMSD)), de 
determinatiecoëfficiënt (R²) en de Nash-Sutcliffe Efficiëntie (EF) waren 
respectievelijk 0.05, 0.89 en 0.84 voor rijst; 0.10, 0.75 en 0.72 voor tarwe; en 
0.08 , 0.97 en 0.96 voor maïs. 
Een regionale enquête werd uitgevoerd bij boeren om een beter inzicht te 
krijgen in de  lokale praktijken voor gewasbeheer. Analyse van de 
enquêteresultaten toonde een zeer beperkt gebruik van bemesting voor 
graangewassen. De hoeveelheid kunstmest die werd gebruikt, was afhankelijk 
van de beschikbaarheid van water. Toch lag het gebruik van kunstmest altijd 
onder de Nationale Aanbevolen Bemestingsdosis. De belangrijkste oorzaken 
voor het beperkte gebruik van bemesting waren een verondersteld negatief 
effect (door onevenwichtige toepassing) en hoge kosten. Ook toonde de 
enquête dat de hoeveelheid irrigatie afneemt naarmate het droge seizoen 
vordert. Irrigatie in het droge seizoen was afhankelijk van de beschikbaarheid 
van grondwater. 
Een regionaal bodemonderzoek werd uitgevoerd om de regionale variatie in 
bodemeigenschappen te bepalen. De textuur klasse, bulkdensiteit en gehalte 
aan organische stof werden bepaald op de verzamelde bodemstalen. Uit een 
vergelijking tussen drie pedo-transferfuncties bleek dat de pedo-
transferfunctie ontwikkeld door Saxton en Rawls de laagste gemiddelde 
kwadratische afwijking (CV(RMSD)= 27%) vertoonde, en derhalve werd deze 
functie gekozen om de bodemfysische eigenschappen vereist in AquaCrop te 
bepalen. 
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Het geijkte en gevalideerd AquaCrop model werd gebruikt om verschillende 
managementscenario's voor de regio Chitwan te simuleren en ontwikkelen. 
Om het aantal simulaties te beperken, werden de bodems ingedeeld in vijf 
klassen op basis van de bodemeigenschap die het meest bepalend was voor 
gewasopbrengst (d.i. totaal beschikbaar water). Een analyse van de ruimtelijke 
variatie in neerslag en atmosferische watervraag (evapotranspiratie) toonde 
minimale variabiliteit. De klimatologische gegevens van het meteorologische 
station in Rampur werden dan ook gebruikt voor de regio Chitwan. Simulaties 
met AquaCrop werden uitgevoerd voor de vijf bodemklassen om realistische 
irrigatie- en bemestingstrategieën voor de regio te ontwikkelen, daarbij 
rekening houdend met de huidige beperkingen voor waterbeschikbaarheid en 
bodemvruchtbaarheid voor de boeren. De simulatieresultaten toonden aan 
dat de opbrengst van rijst in het moessonseizoen hoofdzakelijk beperkt werd 
door de bodemvruchtbaarheid en dat rijstopbrengst verhoogd kan worden 
met een verbeterd beheer van de bodemvruchtbaarheid. De oogsten van 
gewassen die geteeld werden in het droge seizoen (tarwe en maïs), waren 
hoofdzakelijk gelimiteerd door waterstress. Graanopbrengsten in het droge 
seizoen kunnen gestabiliseerd en verhoogd worden door de toepassing van 
deficit irrigatie. De hoeveelheid water die toegediend moet worden, is 
afhankelijk van de toegediende bemesting. Die laatste moet dus in 
overeenstemming gebracht worden met het irrigatiebeheer om de 
opbrengsten te maximaliseren.  
Uit een analyse van de mogelijkheid om met AquaCrop simulaties uit te voeren 
met 10-dagelijkse weergegevens bleek dat het gemiddelde 
bodemwatergehalte goed gesimuleerd kan worden, en bijgevolg ook de 
waterstress die de gewasbedekkingsgraad en –transpiratie beïnvloedt. Enkel in 
situaties waarbij lage waterbeschikbaarheid vroege gewasveroudering 
veroorzaakt, resulteerde het gebruik van 10-dagelijkse neerslaggegevens in 
afwijkende simulaties en onderschatting van de geobserveerde 
gewasopbrengsten. Daarom werd het gebruik van 10-dagelijkse weergegevens 
uitgesloten om oogsten te voorspellen. Simulaties die gebruik maken van 
dagelijkse historische weersgegevens om de oogst van maïs te voorspellen 
tijdens het lopende groeiseizoen, waren veelbelovend. Een update van de 
klimatologische gegevens wanneer het seizoen vordert, bood de mogelijkheid 
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om al halfweg het seizoen de kansen op oogstmislukkingen te voorspellen met 
AquaCrop. Deze methode voor oogstvoorspelling kan gebruikt worden voor 
gewassen met gelijkaardige droogte-gevoelige stadia. Dit laat boeren en de 
overheid toe om te reageren en zich voor te bereiden op nakende 
oogstmislukkingen.   
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Chapter 1: Problem setting 
1.1 Global agriculture situation 
With the increasing population which is expected to exceed 9 billion people by 
2050 (UNFPA, 2009), there is an urgent need to assure sustainable food 
production and at the same time encounter the need for nature and 
biodiversity conservation. Agriculture uses about 70% of the readily available 
fresh water in the world (CSD, 2002, Cai and Rosegrant, 2003). Fresh water, 
due to its limited accessibility, is already limited resource.  Diminishing water 
allocations for the agriculture either due to higher demand for water 
consumption or climate change makes a more efficient use of water for 
agriculture a priority (Kirda and Kanber, 1999; Parry, 1999; Rodrigues-Diaz, 
2007; Anderson et al., 2008; Steffen, 2008; Zhang et al., 2008). Countries 
where agriculture is the dominant sector are strongly affected by water 
shortages (UN-Water, 2007).  
It is estimated that 80% of the agricultural land worldwide is rainfed 
contributing to only 60% of the world food (Rockström and Baron, 2003).  
Rockström et al. (2007) suggests that the low productivity in rainfed 
agriculture is due to suboptimal performance related to management 
prospects rather than to low physical potentials. The unpredictability of the 
climate had also been a major cause for emerging food crises. Climate change 
is considered as a major contributing factor for degradation of ecological 
services and states harming specially the world’s poorest population. 
Projections indicate that the crop yields in Central and South Asia can decrease 
up to 30% even considering the direct positive physiological effects of 
CO2(IPCC, 2007). Temperature increase is also expected to reduce wheat and 
maize yield. Increased variability in both temperature and precipitation will 
present significant challenges to farming practices. Wheat and rice are more 
affected by rainfall than other plants. Floods and droughts in the recent years 
have affected the crop productivity resulting in high risk of acute food 
insecurity for local people. Any delay in identifying and initiating response to 
emerging food crises greatly increases the humanitarian and livelihood impacts 
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and the cost of aid (Haile, 2005).  This was demonstrated by the data from 
World Food Program for the 2004–2005 Niger food crisis (Barrett et al., 2007). 
Land for agriculture, especially in Asia, is also at premium. It is estimated that 
there is only 0.16 ha of land per person (60% of world average of 0.26 ha per 
person) available in Asia for growing food (Mukherji et al., 2009). The growth 
of population and cities means there is little chance to expand the area being 
farmed. Since land is a major constraint, the priority in Asia has been to raise 
the productivity of land either through biological improvement, irrigation or 
more intensive use of fertilizers (Hayami and Ruttan, 1985). The fertilizer 
consumption in the Asian region has grown at the rate of 3.2% compared to 
global average of 2.1% in period of 1996-2006 (UN-ESCAP, 2009). 
Different interventions and adaption options had been suggested worldwide 
for increasing water use efficiency in rainfed conditions and hence yield 
(Gichuki and Merrey, 2002; Kurukulasuriya and Rosenthal, 2003; UN-ESCAP, 
2009). Some of the intervention and adaption options include: 
 Supplementary irrigation (using groundwater where available) for dry 
spell mitigation; 
 Irrigation and water storage (using water harvesting for micro 
irrigation) expansion; 
 Efficient water use; 
 Improvement of soil fertility; 
 Changing tillage practices, cropping intensity and crop mix; 
 Develop crop and livestock technology adapted to climate change 
stress: e.g. drought and heat tolerance. 
1.2 Cereal crops in Nepal 
Rice (Oryza sativa L.), maize (Zea mays L.) and wheat (Triticum aestivum L.) are 
the major cereal crops in Nepal accounting for over 95% of all food cereal 
production in Nepal (MOAC, 2010a). Ecologically, Nepal is divided into three 
zones, Terai (Plain), hills and Mountains. Cereal crops are extensively grown in 
the Terai zones. Rice is the major cereal crop grown during the monsoon, 
mostly under rainfed conditions. Maize is another important crop after rice. In 
hilly areas, it is the major crop where it covers nearly 80% of the area, whereas 
in the Terai, which has a high potential for winter and spring maize, it occupies 
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only 22% of the production area (Ojha, 2006b; FAO, 2001a; MOAC, 2010a). It is 
grown under rainfed conditions and with very little use of commercial 
fertilizers. Even though maize is grown intensively in hilly regions, the growing 
maize demand can only be fulfilled with import from neighbouring countries. 
In the Terai region where the rice-wheat cropping system is very favourable, 
wheat is produced in more than 84% of area (Timsina et al., 2001). According 
to Timsina et al. (2001), there is still a prospect for expansion of the rice-wheat 
cropping system in the Terai region of Nepal where intensification of single-
crop rice production is continuing. The rice and wheat area combined 
contributes to 70% of cereal production in Nepal.  
Even though rice, wheat and maize are considered as priority crops in the 
Agricultural Priority Plan of Nepal, the present rates of increase of crop yields 
are slower than before. The soil fertility of the mid-hill and Terai regions of 
Nepal has been declining due to the crop intensification and insufficient 
addition of plant nutrients to maintain soil fertility. Soil erosion, organic matter 
depletion, acidification, degradation of forest and marginal land, crop 
intensification and insufficient and unbalanced use of chemical fertilizer have 
been reported as the main reasons for declining soil fertility (Jaishy and Risal, 
2002). Based on 20 years long field experiments conducted in Terai of Nepal, it 
has been concluded that nitrogen (N) is the most limiting factor for the 
production of both rice and wheat (Gami et al., 2001; Regmi et al., 2002). The 
fertilizer application has been reported low either due to the unavailability or 
due to high cost of fertilizers (Thapa, 2006; Shrestha, 2010).  The yield of rice, 
wheat and maize is affected by sub-optimal use of water and fertilizers, 
frequently occurring droughts and recurrent flooding during the monsoon.   
The national average yield of rice and wheat is respectively 2.4 and 1.6 t/ha 
compared to the yield of 3.8 and 2.7 t/ ha for rice and wheat in on farm 
experiments with rice-wheat cropping system (Timsina and Connor, 2001). In 
Nepal, maize production is part of a complex system with extreme 
environmental variability and maize yield is far below the expectation. There is 
a wide gap between potential yield of open pollinated varieties having 5 t/ ha 
(on station experimental yields), attainable yield of about 3.5 t/ha (on farm 
yield with improved practices) and actual yield of 2.3 t/ha (national average) 
(Ojha, 2006a). 
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1.3 Climate variability 
In Nepal, more than 80% of total precipitation falls during the monsoon, from 
June to September (Malla, 2008). The rainfall follows an erratic trend in Nepal 
and in general, weather conditions show higher extremes than before. There is 
frequent occurrence of floods and droughts in different parts of Nepal. There 
have been frequent incidents of unusual late and pre-monsoon precipitation, 
decreased number of rainy days and intense rainfall events. With almost 67% 
of agriculture based on rainfed cultivation (Malla, 2008), the annual 
agricultural output is highly dependent on weather conditions. The crop yield 
varies from year to year depending upon the weather conditions.  
The climate issues have been worsening the food grain production recently. 
Many parts of the region have reduced food production due to reduced water 
availability, increases in temperature and reduction in number of rainfall days. 
Overall crop yield (wheat, maize and rice) could decrease in South Asia by up 
to 30% by the end of this century. In Nepal, predicted decrease in precipitation 
during the winter months will reduce winter and spring crop production (PA, 
2008). It has been reported that estimated 150,000 people are at risk of acute 
food insecurity in Nepal as of 2007 (UNWFP, 2007). To meet the domestic 
requirement of countries to provide food security for people, the yield also 
must increase above current levels.  
1.4 Crop water modelling for crop management 
The crop productions and management strategies in a region can be 
determined by field experiments. However, specifically in developing countries 
like Nepal, it is not practical to carry out multiple experiments for huge area for 
multiple seasons to determine regional productions. To overcome this 
problem, a crop water productivity model, which has been calibrated and 
validated with local field data can be used to analyze the actual yield gap of the 
grain production and to assess the effect of different management strategies 
on the crop production with different scenario testing. The combination of 
crop growth simulation models with GIS allows the study of the temporal and 
spatial dimensions at once.  Different site based crop models such as CropSyst 
(Badini et al., 1997), CERES-Maize (Duchon, 1986; Hodges et al., 1987), CERES-
Wheat (Chipanshi et al., 1999; Saarikko, 2000), CERES based DSSAT v 3.0 (Ines 
et al., 2002), CERES- Rice (Yun, 2003) etc had already been used in regional 
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scale to estimate the regional yield, for future yield predictions, agro climatic 
analysis and regional crop managements. Regional crop modelling can also be 
useful to determine the suitability of the area for extension of the crops into 
newer area. Regional crop modelling can be used to increase the yield and 
reliability of the crop yield in the region. With suitable procedure, a crop water 
model can also be used for forecast of the yield that might be valuable for 
making timely decisions that could help to enable improved management for 
increasing crop productivity.  
 The FAO AquaCrop model (Hsiao et al., 2009; Raes et al., 2009; Steduto et al., 
2009) is a simple model which uses relatively small number of parameters 
(explicit and mostly intuitive) and pursues an optimum balance between 
simplicity, accuracy and robustness.  The AquaCrop model  has been tested 
and applied worldwide to derive deficit irrigation schedules, optimize irrigation 
management, simulate yield response and improve crop production decision 
support (e.g. ; Geerts, 2008; Geerts et al., 2010; Mhizha, 2010; Abendipour et 
al., 2012; Abrha et al. 2012, Alemtsehay, 2012, García-Vila and Fereres, 2012; 
Tsegay et al., 2012).  A calibrated and validated AquaCrop model can be used 
to analyze crop yield deficits and generate crop management strategies to 
improve and stabilize crop yields.  By considering a regional database for soil, 
climate and crop management, a locally calibrated AquaCrop model can be 
used in regional scale.  
1.5 Objectives of research 
Field experiments were conducted in Rampur, Chitwan for two years (2009-
2011) and results were used: 
(i) to assess the effect of water and fertilizer treatment on cereal;  
(ii) to fine-tune the crop phenology of rice, wheat and maize to the 
local crop varieties and the environmental conditions of the Terai 
region of Nepal, and  
(iii) to validate the simulated soil water balance, crop development, 
biomass and yield response to water and soil fertility stress for 
AquaCrop.   
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A regional farmer household survey was conducted, and soil and climate 
analysis were carried out in Chitwan region: 
(iv)  to obtain representative data for the crop, irrigation and field 
management in the region. 
It was researched 
(v) what pedo transfer function should be used to obtain reliable soil 
physical characteristics for the region; 
(vi) how AquaCrop can be used to develop guidelines for field 
management strategies to improve the water use efficiency in the 
region, and 
(vii) what method is required to obtain reliable yield prediction with 
AquaCrop using historical climatic data. 
1.6 Structure of the thesis 
The thesis is presented in eight chapters and schematic presentation of the 
structure of thesis is presented in Figure 1.1. 
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Chapter 1: Problem Setting 
Situating research and formulation of objectives. 
Chapter 2: Study area and cereal crops 
Description of the study area and of the cereal crops in the area. 
 
Section I: General introduction 
Chapter 3: Analysis of field experiments 
Analysis of yield and yield components of rice, wheat and maize in field experiments as 
affected by fertilizer and water application in Chitwan. 
Chapter 4: Local calibration and validation of AquaCrop 
Local calibration and validation of AquaCrop for rice, wheat and maize under the local 
climatic condition of Chitwan with regard to water and fertility stress.  
 
Section II: Calibration and validation of AquaCrop with field 
experiments  
 
Chapter 5: Regional analysis 
Analysis of regional farmer survey, soil survey and climatic data of Chitwan. 
Chapter 6: Scenario analysis of management strategies for the region 
Determining appropriate method to run AquaCrop in regional scale. Running AquaCrop 
in regional level for scenario analysis to determine representative field management 
strategies to improve and stabilize productivity of cereal crops in Chitwan.  
Section III: Representative management strategies for the region 
Section IV: Local yield forecast  
Chapter 7: Local yield forecasting using AquaCrop 
Analysis of the performance of AquaCrop with 10-daily data and use of historical 
climatic data for yield forecasting. 
Section V: Conclusions and recommendations  
Chapter 8: Conclusions and recommendations 
 Figure 1. 1: Flow Diagram of thesis.
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Chapter 2: Study area and cereal crops 
2.1 Nepal 
Nepal is a landlocked sovereign region located in South Asia, which lies 
between latitudes 26°22’ and 30°27’ N and longitudes 80°04’, and 88°12’ E. 
Nepal has a border with China in the north and with India towards the east, 
west and south. Nepal has astonishing topographical variation with altitude 
ranging from 70 MASL (meters above sea level) at Kechana Kalan to 8,848 
MASL at Mount Everest.  
Nepal has a total land area of 147, 181 km² and a population of 26.5 million.  
The population growth per annum in Nepal is estimated at 2.25%.  The 
national gross domestic product (GDP) was estimated 14.8 billion US dollars 
out of which 34% was contributed by agriculture (MOAC, 2010a).  Agriculture 
plays a vital role in the Nepalese economy with estimated 66% of total 
Nepalese engaged in agriculture.  The estimated agricultural land area 
cultivated is 3.1 million hectares. The main grain crops rice, maize and wheat 
are grown in 48, 28 and 24% of arable land respectively.  
Agro-ecologically, Nepal is divided into three regions with similar (topographic 
and climatic) constraints and potentials (Carson, 1992, Pariyar, 2008):  
(a) Mountains  
The mountain regions lie above the elevations of 2,500 MASL covering 
around 30% of total area. The main cultivated areas in these regions, 
the inner Himalayan valleys have cool and dry climate with average 
daily temperature fluctuating between 9 to 10 °C during June/July. The 
annual rainfall varies between 140 mm in the west to 900 mm in the 
east. 
(b)  Hills 
The hill region is a wide belt of land aligned east to west in the middle 
of Nepal lying between elevations ranging from 500 to 2,500 MASL 
covering around 49% of total land area.  The average daily 
temperature of this region varies between 2 to 17 °C during 
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December/January and between 13 to 27 °C during June/July.  The 
average annual rainfall varies from 1,000 mm in the west to 2,800 mm 
in the east. 
(c)  Terai 
The Terai region is a flat plain in the south stretching from east to west 
with elevations ranging from 60 to 500 MASL covering around 21% of 
total land area. Terai has a tropical to sub-tropical climate with main 
tropical region in the east and drier areas in west. The average daily 
temperature of this region fluctuates in between 7 to 24 °C during 
December/January and 24 to 41 °C during June/July. The average 
annual rainfall ranges from 1,400 mm in the west to 2,000 mm in the 
east, with more winter rain occurring in the west.  
 
Figure 2. 1: Nepal classified according to the agro-ecological classification: Blue area showing 
mountain regions, green area showing hill regions and yellow area showing Terai plains. The 
area surrounded by red border shows Chitwan district. The shaded green area shows Chitwan 
National Park in Chitwan district. 
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2.2 Terai 
2.2.1 Geography  
The Terai region is crossed by major perennial Himalayan rivers exiting from 
the hills forming huge alluvial fans covering thousands of km² of area. The 
Terai region has a large numbers of small and usually seasonal rivers, mostly 
originating from Siwalik Hills. In the flat lands of Terai, the geological structure 
mostly consists of old and new alluvium, both of which constitute alluvial 
deposits mainly of sand, clay, silt, gravels and coarse fragments.  Fresh 
deposits brought down by active streams renew the new alluvium every year.  
New alluvial soil mostly consists of sand and silt rather than clay, and is being 
deposited in the flood plains along the river courses. The nutrient contents of 
the new alluvial soil is fair to medium depending upon the duration of 
cultivation, whereas, the nutrient content of old alluvial soil is very low 
(Pariyar, 2008). According to the Land Resource Mapping Project (LRMP) 
carried out in 1986, Terai consists of Ustochrepts, Halustolls, Haplaquepts, 
Haplustalfs, Ustifluvents and Ustorthents (USDA soil taxonomy).  
2.2.2 Climate  
The climate of Terai, ranges from tropical to subtropical. The moisture regime 
of Terai, ranges from sub humid in far west and middle west to humid in rest 
of the region. There are five climatic seasons namely spring, summer, 
monsoon, autumn and winter. The temperature in Terai varies from 7 to 24 °C 
during winter and 24 to 41 °C during summer.  The average annual rainfall in 
Terai region varies from 1,400 mm in west to 2000 mm in the east, with more 
winter rainfall in the west (FAO, 2005) . In Nepal, more than 80% of the total 
precipitation falls during the monsoon, from June to September (Malla, 2008).  
2.2.3 Agriculture  
The Terai region of Nepal is often called the granary of Nepal due to its 
capability to produce food.  Although the Terai region consists of only 21% of 
total land area, it produces 56% of the total national cereal production (MOAC, 
2010a).  Terai region contributes to 72%, 65% and 22% of the national rice, 
wheat and maize production.   Due to the surplus production of the cereal in 
Terai, they are often exported to hill and mountain regions and foreign 
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countries as well.  Easy access of the region and the fertile soils of the Ganges 
plain are important factors to contribute for agriculture in the region.  
Although agriculture plays an important role, the use of the external inputs 
such as chemical fertilizers, improved seeds, irrigation and machineries in 
agriculture are minimal (Gautam, 2008).  It is estimated that 33% of the arable 
land in the region is irrigated (Gumma et al., 2011). Structural or economical 
reasons limit irrigation in the region. The agriculture in Terai is often rainfed. 
The soil fertility of the mid-hill and Terai regions of Nepal has been declining 
due to the crop intensification and insufficient addition of plant nutrients to 
maintain soil fertility (Acharya and Kafle, 2009; Karkee, 2004; Jaishy and Risal, 
2002). Sedimentation and siltation in the river valleys result in decline of soil 
nutrients and consequently, in reduced crop yields. As the expansion of the 
cultivated area in Nepal is strongly limited, the use of appropriate fertilizer is 
considered an important factor in increasing production. Nitrogen (N) has been 
reported most limiting factor for the production of both rice and wheat (Gami 
et al., 2001; Regmi et al., 2002).  Zinc deficiency is a yield limiting factor in 
many of the rice producing areas in Nepal (Sherchan and Karki, 2006).  
Apart from grain crops, cash crops play important roles in Terai and occupy 
about 18% of the arable land.  Also livestock, mostly buffalo, cattle and goat, is 
a major component in the rural households in Terai. Livestock are used mostly 
as a source of milk and manure, for transportation and ploughing.  The poultry 
farming has been rising in the Terai region (MOAC, 2010a) increasing demand 
of maize feeds in the region.  Apart from this, fisheries are often integrated in 
the farming systems (Pariyar, 2008). 
2.3 Chitwan 
Chitwan was taken as representative location of Terai for the research. The 
field research for this research was done in this district of Nepal.   
2.3.1 Demography 
Chitwan has a population of about 579,984 with annual growth rate of 2.86% 
and population density of 261 per km² (CBS, 2012). The average household size 
in Chitwan is 4.38. It is estimated that 90% of total population live in lower 
plains while the remaining 10% live in the hill region of Chitwan district (CDDC, 
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2008). With literacy rate of 71.1%, Chitwan is considered one of the most 
educated districts in Nepal.  Majority (about 76%) of the population is involved 
in agriculture.  The average land holding per household in Chitwan is 0.58 ha 
per household.  
2.3.2 Location and geography  
Chitwan district lies between latitudes 83° 55’ to 84° 48’ N and longitudes 27° 
21’ to 27° 46’ E. The altitude in Chitwan varies from 144 MASL to 1,947 MASL. 
It is neighboured by Makwanpur and Parsa districts in east, Nawalparasi and 
Tanahu districts in west, Dhading and Gorkha districts in north and the state of 
Bihar of India in south.  It has total land area of 2238.39 km², out of which 
38.75% lay in plain Terai, 20.65% lay in hill region and the remaining 40.6% is 
covered by Chitwan National Park (CDDC, 2008).  Out of total area, 17.6% is 
considered arable.  
 According to LRMP, Chitwan is divided into Siwalik physiographic region and 
Middle Mountain physiographic region.  The Siwalik physiographic region is 
further divided into Chure hill and inner Terai region.  The inner Terai region 
covers about 55% of the total land area of Chitwan.  The average altitude of 
inner Terai range from 141 MASL to 250 MASL.  The major deposition 
constitute alluvial deposits mainly of sand, clay, silt, gravels and coarse 
fragments brought down by active streams (such as Narayani and Rapti river) 
from higher altitudes. The major soil of this region is sandy and clayey in 
nature with loam fractions.  Sandy loam class soil is distributed in about 45% of 
the area with the clayey soil distributed more in and around Chitwan national 
park (Gairhe, 2003).  
2.3.3 Climate  
The mean monthly reference evapotranspiration (ETo) at Rampur station 
(84.41°E, 27.61°N, 160 MASL), a representative station for Chitwan, was 120 
mm/month (FAO, 2005). The highest mean monthly ETo values was in May 
(191 mm) and lowest values was in December (56 mm) (Figure 2.2). The mean 
daily minimum temperature was 7 ° C in January and the maximum 
temperature was 36° C in May. The average yearly precipitation in the area 
was 2,022 mm, with over 80% in the monsoon season (June to September) 
(Figure 2.2).  
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Figure 2. 2: Mean monthly rainfall (Grey bars) and mean monthly reference 
evapotranspiration (Black line with circular markers) at Rampur station in Chitwan.  
There have been frequent incidents of unusual late and pre monsoon 
precipitation, decreased number of rainy days and intense rainfall events in 
the region. The changing behavior of rainfall in recent years is confirmed by an 
analysis of 30 years of historical data from Rampur meteorological station. The 
number of rainy days (nP)  and total amount of rainfall (Ptot) in the monsoon 
season shows in the last decade a more erratic behavior and a slightly 
downward trend (Figure 2.3 a and b). In the period 2001 – 2011, Ptot increased 
from 1645 to 1751 mm. In the same period, the standard deviation increased 
from 230 to 344 mm for Ptot. Although nP remained stable around 90 days, the 
standard deviation increased from 8 to 16 days. 
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Figure 2. 3: (a) Total number of rainy days (> 0.1 mm/day) and (b)Total rainfall in the monsoon 
season (June – September) in the last 30 years (1982-2011) for Rampur (84.41°E, 27.61°N, 160 
MASL).  The continuous line shows the moving average of 4 years. 
2.3.4 Agriculture  
The agriculture in Chitwan is mainly paddy rice based with other grain crops or 
mustard, pulses and vegetables sown after the paddy in monsoon season 
(CDDC,2008).  Paddy rice is sown in 70% of the arable land. If irrigation is 
available year round, Rice is often sown twice a year. Chitwan is also one of the 
major producers of maize where it is grown on 75% of arable land. Maize is 
often sown in upper hill area of Chitwan during monsoon where irrigation is 
not available. Wheat is grown in around 19% of arable area and is third widely 
grown grain crop in the region. Apart from these three major grain crops, 
mustard is widely grown in around 29% of the arable area.  Other crops grown 
in Chitwan include vegetables, pulses and fruits. According to Timsina et al. 
(2011), current and potential cropping system for grain crops in Chitwan are as 
shown in Figure 2.4.  
 
Figure 2. 4: Current and potential cropping systems in Chitwan, adapted from Timsina et al. 
(2011) 
 In Chitwan (Central Terai), agriculture is predominantly rainfed with only 33% 
of the area irrigated all year round and 61% in the monsoon season (CDDC, 
2005). Due to dependency on rainfall for agriculture, the changing rainfall 
behaviour highly affects the crop yields. Fertilizer application is often below 
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50% of the national recommended dose due to limited availability and 
economic constraints (Shrestha, 2010; Thapa, 2006). Studies done in the 
Chitwan region have concluded that the problem of low soil organic matter 
content is serious in the Eastern Chitwan and Madi areas (CMSN, 2000). Crop 
production in the Chitwan valley is found to be limited by N, potassium (K) and 
sulphur (S) among macronutrients and boron and zinc among the 
micronutrients in the soil (Khatri-Chhetri, 1991). For the period 1998-2002, the 
average grain yield for monsoon rice, winter wheat, monsoon and spring maize 
was 2.8 t/ha, 1.7 t/ha and 2.15 t/ha (estimated to be 2.35 t/ha in the monsoon 
season and 1.60 t/ha in spring) respectively (CDDC, 2005).  Compared to in 
farm experiments yields of respectively 3.8 and 2.7 t/ha that can be obtained 
for the rice-wheat cropping system (Timsina and Conner, 2001) and 3.5 t/ha 
for improved maize practices (Ojha, 2006a), there is huge margin for 
improvement of grain crop yields in Chitwan.  
2.4 Cereal crops in Chitwan 
2.4.1 Rice 
2.4.1.1 Introduction 
Rice (Oryza sativa L.) is an annual grain crop that is grown in about 50% of the 
total arable land in Nepal. It is a member of the Poaceae (Gramineae) family. 
Thought to be originated in Asia, Oryza sativa L. is cultivated throughout the 
world. In Nepal, rice is mainly grown in puddle soil, where it is transplanted 
after 20-35 days of sowing from nursery bed (McDonald et al., 2006). Rice 
contributes to 20% of daily calories intake of 3.5 billion people worldwide. In 
Nepal, where rice is staple crop, it contributes 40% of daily caloric supply 
(Gumma et al., 2011). 
Population growth coupled with unstable rice output triggered rice imports 
since 1980s (Yadav and Peterson, 1993). Although rice is grown by 76% of 
Nepalese household, estimated 60% of landless households depend on 
imported rice from India (Sanogo and Amadou, 2010). The slow growth of the 
agriculture yield (estimated 3% per annum) and increasing demands of food 
has only increased the imports of rice. These low-income groups often spend 
up to 70% of their income on rice and counteract the rise in price by reducing 
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their food intake (UNWFP, 2008). There is urgent necessity to intensify the 
production and increase the yield to ensure food security for the most 
vulnerable groups in Nepal and to reduce imports. 
2.4.1.2 Morphology 
Rice has a culm made up of series of nodes and internodes, with number of 
internodes ranging from 3 to 8 (Ecocrop, 2007). The height of culm of rice 
varies from 0.2 m up to 5 m. However, the recent modern high yielding 
varieties of rice has plant height from 0.9 to 1.1 m. Arising from compressed 
basal nodes, the rice root system is adventitious. The roots developing directly 
from the nodes are called primary roots. Primary roots produce branched out 
secondary roots, which holds tertiary roots and so on. The rooting depth of the 
rice varies from 0.4 m (in flooded soil) to 1 m or deeper (in soft upland soils). A 
branch of plant bearing the root, culm leaves and with or without a panicle is 
called a tiller. The leaves of rice arise from the node and are borne at an angle. 
The number of leaves differ according the varieties, and a typical rice leaf 
consist of leaf sheath, auricle, ligules, leaf lamina or blade. The terminal 
internode consists of the inflorescence or the panicle, which bears spikelet. 
The spikelets of rice consist of three flowers, two of which are reduced in 
development.  
2.4.1.3 Phenology 
The phenological stages of rice are divided into three stages namely 
vegetative, reproductive and ripening phase (Ecocrop, 2007).  
The vegetative stage of rice starts with germination of seeds when they are 
exposed to appropriate water and temperature regime. This stage continues to 
seedling stage, which includes both germination and post-germination growth 
to tillering phase. The tillering phase starts with appearance of first tiller from 
axil of second leaf and continues until maximum tiller number is reached.  
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Figure 2. 5: Phenological stages of rice (Steduto et al., 2012). 
The reproductive phase of rice begins with the panicle initiation in the main 
culm and subsequently in the tillers. The booting starts with differentiation of 
spikelet and upward extension of the panicle inside the flag leaf sheath 
follows. Heading, which is characterized by emergence of the panicle from the 
flag leaf sheath, follows the booting. Flowering (Anthesis) follows heading and 
usually occurs 25 days after the visual panicle initiations under tropical 
conditions, however it is prolonged under sub temperate and temperate 
climate. During flowering, the filament elongation and anthers dehisce takes 
place and pollination occurs subsequently leading to fertilization.  
The ripening phase is the grain development phase of rice. Consisting of three 
stages, it starts at milky stage with development of caryopsis which watery first 
is turning finally into milky. In dough stage, the milky portion of the grain 
changes from soft jelly into hard dough. The mature grain stage follows 
characterized by gradual change of panicle color from green to yellow. Usually 
it takes about 25 to 35 days for ripening stages in tropics however, it can be 
prolonged to 65 days in cool, temperate regions (Ecocrop, 2007).                
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2.4.1.4 Ecology and drought resistance 
Rice is C3 photosynthesis crop mainly grown in four ecosystems, namely 
irrigated, rain fed lowland, upland and flood prone zone defined broadly based 
on water regimes.  
It shows little or no frost tolerance showing restriction in growth when 
temperature drops below 10° C (Ecocrop, 2007). If irrigation is readily 
available, rice can be grown in areas of low humidity and rainfall, however 
medium to high humidity is best preferred for rice. Indica varieties are mostly 
grown in the lowland throughout Asia. It seldom grows above the 1200 MASL 
and performs best below 600 MASL. These varieties are tolerant to 
unfavorable growing conditions and are resistant to diseases.  
Evolving as a semi aquatic rice has facultative root aerenchyma that facilitate 
aerobic respiration in flooded soil consequently making it more sensitive to 
water deficit than any other plants (Angus et al.,1983; Inthapan and Fukai, 
1988; Norman et al., 1995). Doorenbos and Kassam (1979) has considered 
flowering and second half of the vegetative period (head development) as the 
most sensitive periods for water deficits. Direct Seeded Rice (DSR), which can 
save huge amount of water, had been proposed in recent days for water use 
efficiency. However with DSR, the amount of weed infestation increased up to 
six folds and also the yield was comparable to transplanted rice only when 
nitrogen fertilizers were supplied at high rates (ca 150 kg/ha) (McDonald et al., 
2006).  
2.4.1.5 Agronomy and yield 
This research focuses on Sabitri, a Indica variety of rice. Sabitri is a variety 
released by IRRI in 1979 for rainfed lowlands (shallow) area (NARC, 2010). It 
has a total crop duration of 130- 145 days (Swain et al., 2007). It is medium tall, 
long duration variety resistant to all major pests and diseases. This variety 
slowly started to replace Mansuli variety used in central and western Terai 
since 1990s and has been since become major variety used in these regions 
(FAO, 2002). Recent studies done in Chitwan district shows the Sabitri variety 
has more of a wider acceptance and leading variety in majority of areas 
(Devkota et al., 2005). Merchants and farmers also consider it as the 
referential variety for the traits e.g. rice recovery, grain type, color etc.   
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Rice is normally sown in monsoon season where there is abundant 
precipitation in Terai. Wherever irrigation is possible, the rice is also sown 
during late spring season. The yield of paddy rice in Nepal has increased from 
about 2 t/ha in 1980s to about 3 t/ha in 2010/11, however it is still below the 
average world yield of 4.4 t/ha (MOAC, 2010a; FAO, 2012). The limitations in 
labor, fertilizer and water inputs in the farmlands have been identified as 
major cause of low yields (Yadav and Peterson, 1993; Gami et al., 2001; Regmi 
et al., 2002; Adhikari et al, 2012). Long-term field experiments done by Regmi 
et al. (2002) concluded that N is most limiting factor for the production of rice. 
In Nepal where more than 90% of the land area devoted to rice cultivation is 
seasonally inundated and dominant establishment technique is to transplant 
into puddle soil, rainfall plays an important role (Upadhyaya, 1996). Less than a 
quarter of this area is serviced by irrigation from assured sources and drought 
stress during less rainfall period is considered as one of primary production 
constraint. No increase in irrigated rice area is considered one of the major 
reason for stagnancy of rice production (Gumma et al., 2011). Increase in use 
of new technologies, irrigations and fertilizers are considered essential factors 
to increase rice yield.  
2.4.2 Wheat 
2.4.2.1 Introduction 
Wheat (Triticum aestivum L.) is an annual grain crop that is grown in about 
56% of the total arable land in Nepal. It is a member of the Poaceae 
(Gramineae) family. Wheat is most internationally traded food in the world 
and is one of the most important crops for human. Wheat was a minor crop in 
Nepal until the mid-1960s, primarily grown to provide grain for home 
consumption and straw for animal feed (Morris et al., 1994). With the 
introduction of modern varieties of wheat in mid 1960s, which could be 
harvested in 115-120 days, traditional Nepalese switched from rice fallow 
rotation to rice wheat double cropped within same year. Most wheat in Nepal 
is grown in Rice Wheat systems. Rice and wheat together contributes to 71% 
of total cereal production and 63% of total calorie intake (Timsina and Connor, 
2001).  
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Cultivated after rice season, wheat is mostly grown in rainfed conditions in 
Nepal. Comparatively wheat being more tolerant to the water stresses than 
rice, farmers can maximize their benefits of limited water by planning 
irrigations at critical growth phases. The further expansion of rice-wheat 
systems is possible in Terai region of Nepal where single crop rice production is 
continuing in large parts (Timisina and Connor, 2001).  
2.4.2.2 Morphology 
Wheat is an annual grass up to 1.2 m tall with simple erect and hollow culms. 
There are four to seven internodes of the wheat shoot and internode 
elongation is complete by the time of anthesis. Thickened sheaths of culm 
leaves, which are important for stem strength and stiffness, surround the 
stem. Wheat has flat and narrow leaves, which are normally 20-38 cm long and 
about 1.3 cm broad (Ecocrop, 2007). There is variation in leaf shape and size 
with its position. Wheat has long, slender somewhat flattened spikes with 
tough rachis, which does not separate from spikelet at maturity. In its 
maturity, spikelets consist of an axis and the rachilla, which bears two glumes 
and two to five florets. The roots of wheat are divided into two groups, 
namely, the seminal and the adventitious roots. The seminal roots are initiated 
by the embryo and forms only small proportion of wheat root system, 
functioning for absorption of water necessary for the growth of the young 
plant in early stage of development. The adventitious roots arise from the 
nodes of the plant just near the ground surface. The position of these roots is 
correlated with the arrangement of the buds and leaves of the plant. About 
60% of these roots are found in the upper 20-25 mm of the soil, and rest 
extends to greater depth.   
2.4.2.3 Phenology 
The growth stage of wheat is divided into four different stages namely tillering, 
stem extension or jointing, heading and ripening (Miller, 1992). 
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Figure 2. 6: Phenological stages of wheat (Steduto et al., 2012). 
The tillering stage starts with the emergence of the first shoot from the seed. 
This stage continues with the origin of primary tiller from axil of leaf. Once 
established, secondary tillers originate from primary tiller and finally tertiary 
tiller emerge from primary tillers. This stage ends with formation of most tillers 
and development of secondary roots.  
The jointing stage follows with the strengthening of leaf sheaths. The 
vegetative parts of wheat start to grow straight in this stage, with visibility of 
first node. This stage continues with the second node being visible. The flag 
leaf starts to emerge, which makes up approximately 75% of the effective leaf 
area that contributes to grain fill. At least three nodes are visible above the 
ground by the time of flag leaf emergence, with occasional exception of fourth 
node. The final flag leaf is fully emerged from the whorl at the end of this 
stage. This stage ends in booting, where fully developed head can be seen 
easily in the swollen section of leaf sheath below the flag leaf.  
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The heading stage starts with the emergence of the head through the slit of 
flag leaf sheath. The heading completes to indicate the start of anthesis. The 
flowering completes to the top of spike then to the base of spike ending this 
stage with formation of watery ripe kernels.  
The maturity of kernel starts with the ripening stage with the formation of 
milky ripe kernels. The kernels then converts into mealy ripe and finally ends 
with hardening indicating that the crop is ready for harvesting.  
2.4.2.4 Ecology and drought resistance  
Wheat is most widely grown crop worldwide in areas ranging from Arctic Circle 
to the higher elevations near the equator. It is a C3 photosynthesis plant, 
which is being grown in higher altitudes up to 4570 MASL in Tibet (Ecocrop, 
2007). The optimum temperature for growing wheat is considered about 25 °C 
with minimum and maximum growth temperature of 3-4 °C and 30-32 °C 
(Ecocrop, 2007). Wheat is resistant to frosting during its early stage but loses 
its resistance toward heading and flowering stages. It requires a period of cold 
weather during anthesis.  
It is estimated that around 33% of wheat field in world and about 55% in the 
developing countries suffer from drought stress (Khayatnezhad et al., 2011). 
With limited water resources for irrigation application, researchers have been 
focusing on determining the effects of the water stress and most water stress 
sensitive growing stages of the wheat that affects the final yields. Different 
effects of the water stress have been reported, for e.g. - water stress during 
vegetative stage reduces the LAI of wheat (Mosaad et al., 1995; Qadir et al., 
1999); numbers of kernels per wheat spike is severely reduced by water stress 
prior to anthesis (Baier and Robertson, 1969); water stress during grain filling 
reduces kernel weight (Musick and Dusek, 1980). Anthesis (Stage specific yield 
response factor for total growing period, Ky = 2.5-3.5) and grain filling stages 
(Ky = 1.4-1.9)  had been considered most sensitive stages affecting the wheat 
yield by different researches (Doorenbos and Kassam, 1979; Zhang and Oweiss, 
1999; Zhang et al., 2004; Li et al., 2005; Sun et al., 2006; Xue et al., 2006). Ali et 
al. (2007) reported that with the limited water resources, priorities should be 
given to irrigate first at crown root initiation, then at heading-flowering and 
finally to maximum tillering stage of growth. Sufficient soil water content 
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(SWC) at jointing increases the number of spikes and sufficient SWC at anthesis 
increases seed weight as well as allows plant to remobilize some pre-anthesis 
carbon reserves to grains during late grain filling (Xue et al., 2006). Zhao et al. 
(2009) reported that adequate water conditions in later growth and 
development stage of wheat grain could be favorable to more mineral 
concentrations, better nutritional value, higher quality and yield in wheat 
grain.  
2.4.2.5 Agronomy and yield 
This research focuses on Gautam (BL 1887) variety of wheat. This variety was 
released by Nepal Agricultural Research Council (NARC) on 17 September, 
2004 for cultivation in Terai, tars and lower valleys under timely sown and late 
sown irrigated conditions (NARC, 2004). It is considered resistant to both-leaf 
and yellow rust, leaf blight and moderately resistant to lose smut under field 
conditions. It is also tolerant to sterility, a very common problem in Eastern 
Terai and Chitwan, with average grain yield of about 2.5 t/ha. Due to its 
resistance to diseases and sterility and its higher yield than the local wheat 
varieties, it had been widely adopted in the Terai regions since its release. It is 
used by 30-40% of farmers in eastern and central Terai regions (Shrestha et al., 
2012).  
Wheat in Nepal is normally sown soon after monsoon rice, normally involving 
broadcasting of seeds onto the prepared fields (Hobbs et al., 1997). Sown 
mostly in rainfed and low fertilizer applications, the average wheat yield is 2.3 
t/ha (MOAC, 2010a). The extraction of the N, P and K from the soil by rice 
wheat systems is considerably high for higher yields, and indigenous sources 
are small and thus, would require additional nutrients through organic or 
inorganic fertilizers (Timsina and Conner, 2001; Adhikari et al, 2012). Nitrogen 
is considered most limiting nutrient for wheat production (Raun and Johnson, 
1999; Camara et al., 2003). The long term experiments done in Terai region in 
Nepal has considered Nitrogen as limiting factor for wheat production (Gami et 
al., 2001). The use of Farm Yard Manure (FYM) is decreasing due to increasing 
use of FYM as fuel and reduced livestock populations due to limited grazing 
areas and increased tractor uses (Fujisaka et al., 1994). Farmers consider 
unavailability of irrigation water as one of major reason for lower or no use of 
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fertilizer (ACI, 2003). Balanced use of fertilizer and irrigation water where 
available is essential to raise the wheat yield from current levels.  
2.4.3 Maize 
2.4.3.1 Introduction 
Maize (Zea Mays L.) is a tall vigorous annual grass and grain crop, which varies 
in size according to race and growth conditions. It belongs to in Poaceae 
(Gramineae) family. Maize is highest produced cereal crop worldwide 
contributing to 34% of total cereal production (FAO, 2012). In Nepal, Maize is 
second most important crop after paddy rice contributing to 24% of the total 
cereal production (MOAC, 2010a). Majority of the maize is grown in hilly 
region of Nepal, with Terai region contributing only 22% of total national maize 
production. Mostly grown in winter and spring season, most of maize is grown 
in rainfed condition in Nepal with low fertilizer application. The demand of 
maize is increasing with demand drove by human consumption and livestock 
feed specially in Terai region, however the productivity of the maize had been 
stagnant (Paudyal et al., 2001). The demand for maize is expected to grow by 4 
to 6% annually in next decade but the yield has grown only at the rate of 2.3% 
annually since 1985 (MOAC, 2010a). With the increasing demand for maize in 
Chitwan region with burgeoning poultry and dairy industries, people will have 
to resort to maize imports in future if the productivity is not increased 
substantially (Paudyal et al., 2001; Thakur et al., 2008).  
2.4.3.2 Morphology 
Maize has a tall leafy structure with most of commercial maize about 2 m tall 
(Ecocrop, 2007). It has a long erect culm consisting of four basic structures 
namely the internodes, the leaves, the prophyll and the bud. It is commonly 
composed of 20 internodes of about 18 cm in length with 16-23 leaves. The 
alternate, acuminate and lanceolate leaves with parallel veins emerge from its 
nodes. It consists of fibrous root system with many fasciculate roots. Maize is a 
monoecious plant developing inflorescences with unisexual flowers, which are 
always born in the separate part of the plant (Ecocrop, 2007). The female 
inflorescence- the ear, develops from the leaf axils in the upper part of plant 
and becomes food storage part of the plant. The fruit of maize is called 
caryopsis. A mature caryopsis consists of three major parts- fruit wall, embryo 
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and endosperm. Male inflorescence- the tassel, develop from the apical 
growing point at the top of the plant.  
2.4.3.3 Phenology 
 
Figure 2. 7: Phenological stages of maize (Doorenbos and Kassam, 1979). 
The growth stages of the maize are divided into four major periods: Emergence 
or seedling growth, vegetative growth, flowering and fertilization and grain 
filling and maturity stages (CIMMYT, 2013). The emergence stage starts with 
the emergence of coleoptile from the soil surface and ends with the collar of 
first leaf visible. The vegetative growth stage starts with visibility of second leaf 
and continues until the collar of last leaf is visible. The vegetative growth is 
complete within around 40-60 days from sowing. The last branch of the tassel 
is completely visible indicating with the start of flowering and fertilization 
stage. The pollen shed begins with the anthesis or male flowering. Flowering 
normally takes around 15-20 days and silks are visible by the end of flowering 
period. The grain filling and maturity stage starts with the filling of kernels with 
clear liquid. Subsequently the grain is filled with white, milky liquid. The maize 
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starts to mature with the filling of kernels with white paste. By the end of 
physical maturity, the black layer is visible at the base of the grain with the 
grain moisture at around 35%.  
2.4.3.4 Ecology and drought resistance  
Maize is a C4 photosynthesis plant that can be found at elevations between 
sea level up to 4000 m (Ecocrop, 2007). Maize follows photosynthesis pathway 
C4 III for tropical lowland types and C4 IV for highland and temperate types. It 
has very low tolerance to the frost particularly in the seedling stage and is 
easily killed by frost. Humid conditions and hail can do damage to maize as 
well as hot, dry wind can reduce the amount of pollen available for 
fertilization. The optimum temperature for maize is from 18 to 33 °C. It can be 
grown in very hot and dry atmospheric conditions if there is sufficient amount 
of water applied and temperature is below 45 °C. Considered short-day plant, 
maize is very responsive to radiation and prefers very bright light intensity 
(Doorenbos and Kassam, 1979). 
Most of maize in Nepal is grown during the drier period hence, proper water 
management is essential to maximize the yield of maize in limited water 
condition. Maize is considered an efficient water user producing high dry 
matter when water is not deficient. Water stress during vegetative growth 
stage has greater effect in leaf area development and potential kernel number 
determination (Eck, 1984). The water stress before and during silking causes 
failure in ear development and silk drying; Water stress after pollination causes 
limitation of kernel numbers, thus results in maximum reduction of kernel 
numbers and subsequently reduces the final yield (Doorenbos and Kassam, 
1979; Classen and Shaw, 1970; Harder et al., 1982; Fischer and Palmer, 1984). 
It has been suggested that moderate soil water stress during vegetative stage 
can be related to the extension of the rooting depth, thus increasing the ability 
of plant to extract water from deeper soil, and reduction in leaf area index 
(LAI) to decrease transpiration (Jupp and Newman, 1987; Zhang and Davies, 
1989; Pandey et al., 2000b). The flowering stage (Ky = 4.0-6.8), specifically 
tasseling period,  has been considered the most sensitive stage for the maize 
plant by different researches done worldwide (Doorenbos and Kassam, 1979; 
Kirda et al., 1999; Huang et al., 2002; Çakir, 2004; Kirda et al., 2005; Yilmaz et 
al., 2006; Farré and Faci, 2009). Same researches also has considered the late 
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vegetative (Ky = 1.6-2.3) and the cob formation periods as the period where 
water stress should be avoided. It has been suggested that water stress can be 
induced during the early vegetative stages, early silking and ripening period 
without much loss in yield.  
2.4.3.5 Agronomy and yield 
This research focuses on Arun-2 variety of maize. Arun 2 variety of maize is an 
Open Pollinated Variety (OPV) of maize released by CIMMYT in 1982 for Terai 
and Inner Terai (NARC, 2010). Due to its shorter growing period of 80 – 90 days 
and higher yield than the local varieties, this variety suits for the shorter period 
of cropping before monsoon rice. Arun-2 maize has shown high potential yield 
when planted for spring and has comparably lower fertilizer and irrigation 
requirement than the hybrid varieties (Gurung et al., 2011; Kafle and Shah, 
2012).  
Maize is preferably grown after wheat or vegetables before monsoon rice in 
Chitwan region. Mostly grown in rainfed conditions without much fertilizer in 
dry seasons, they suffer from drought and poor fertility management (Paudyal 
et al., 2001). Use of maize crop as a subsistence crop rather than commercial 
crop has been a major cause of low input of irrigation and fertilizer in maize 
cultivation (Thakur et al., 2008). With the low input, the national yield is only 
2.3 t/ha which is well below the world average of 5.1 t/ha. Ojha (2006a) has 
suggested that the OPVs can achieve high yield of 5 t/ha and on farmer field 
yield of up to 3.5 t/ha. The recent increase in demand of the maize due to 
increase in poultry and dairy industries in Terai region has triggered the import 
of maize from India to meet the demand, and hence the call for an increase in 
productivity of the maize. Paudyal et al. (2001) has suggested use of early 
OPVs as a measure to counteract the drought during summer/spring season. In 
addition, it is suggested that use of chemical control from pests and diseases 
and proper fertilizer and irrigation management were most likely to be 
implemented to increase the current yield of maize.  
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Chapter 3: Analysis of field experiments 
3.1 Introduction 
Before the AquaCrop model can be applied in a particular region, it should be 
validated with local, experimental data. The field experiments were carried out 
specifically to collect the data to fine-tune for the environment of Chitwan the 
AquaCrop model’s crop parameters for rice, wheat and maize. The 
experiments were carried out at the Institute of Agriculture and Animal 
Sciences (IAAS) in Rampur (27°39’ N, 84°21’ E, 321 MASL) in two successive 
years (November 2009 - November 2011). The experiments were carried out in 
research block of IAAS. The experiment site is located at the Terai region of 
Chitwan district.  
3.2 Experimental design 
The field experiments were in Randomized Complete Block Design (RCBD) and 
replicated three times for the first year of experiment, with three levels of 
water treatments and one level of fertilizer for each of the three cereals 
(wheat, maize and rice). For the second year, the field experiments were in 
Factorial Randomized Complete Block Design (FRCBD) for two treatment 
factors (i.e. two levels of water treatment and three levels of fertilizer 
treatment) for each of the three cereals. RCBD was with only one treatment 
factor, i.e. water, while FRCBD was done with two treatment factors, i.e. water 
and fertilizer.  
The details of the various water and fertilizer treatment applied to 
experimental plots with wheat, maize and rice during first and second year are 
given in Table 3.1. All experimental plots were kept 1 m apart from each other 
and replicated plots were kept 2 m apart during both years. The graphical 
layout of the experimental designs for experiments are presented in Figures 
3.1 and 3.2.  
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Table 3. 1: Water and fertilizers treatments applied in the experimental plots. 
Code Description Plot size(m
2
)  Plot design No. of replication 
First Year: November 2009- October 2010 
FFn1
a 
Full irrigation with NRFD
b
 200 Randomized 
Complete 
 Block Design 
3 
DFn1
a 
Deficit irrigation with NRFD
b
 200 
RFn1
a 
Rainfed with NRFD
b
 200 
Second Year: November 2010- October 2011 
RFo2 Rainfed w/o chemical NRFD
b
 49 
Factorial 
Randomized  
Complete Block 
Design 
3 
RFn2 Rainfed with NRFD
b
 49 
RFu2 Rainfed with 150% NRFD
b
 49 
FFo2 Full irrigation w/o chemical NRFD
b
 49 
FFn2 Full irrigation with NRFD
b
 49 
FFu2 Full irrigation with 150% NRFD
b
 49 
a National recommended fertilizer dose (NRFD) for all treatments in first year. 
b National recommended fertilizer dose (NRFD) for rice: 100 kg/ha nitrogen, 30 kg/ha phosphorus, 30 kg/ha 
potassium, 10 kg/ha zinc sulphate; for wheat: 100 kg/ha nitrogen, 50 kg/ha phosphorus, 25 kg/ha 
potassium; for maize: 120 kg/ha nitrogen, 60 kg/ha phosphorus, 40 kg/ha potassium (MOAC, 2010b); Equal 
amount of nationally recommended 6t/ha Farm Yard Manure  was used in all plots. 
 
 
Figure 3. 1: RCBD design with single factor water treatment for experiment conducted in 
Rampur for first year (2009-2010) for each of the three cereal crops. Treatment description 
and plot size are described in Table 3.1. Experiment plots were kept 1 m apart and replications 
were kept 2 m apart.  
Replication I Replication II Replication III
RFn3FFn2
RFn1 DFn2 FFn3
FFn1 RFn2 DFn3
DFn1
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Figure 3. 2: FRCBD design with two factors (water and fertilizer treatments) for experiment 
conducted in Rampur for second year (2010-2011) for each of the three cereal crops. 
Treatment description and plot size are described in Table 3.1. Experiment plots were kept 1 
m apart and replications were kept 2 m apart.  
The experiments were carried out in two different locations within the 
research block in first year. The wheat and rice was planted in the first location 
and maize was planted in the second location. The plot was left fallow in 
between the harvest of wheat and the sowing of rice to reduce the carry on 
effect. In the second year, the experiments were carried out in three different 
locations where respectively wheat, rice and maize were planted. The 
locations chosen for second year experiments had been kept fallow for periods 
longer than 4 months up to a year before the start of experiments. 
Replication I Replication II Replication III
FFu2
FFo1
FFn1
FFu1
RFo1
RFn1
RFu1
FFu3
RFu3
FFn3
RFn3
FFo3
RFo3
RFo2
FFo2
RFn2
FFn2
RFu2
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3.3 Data collection 
3.3.1 Soil data  
The soil data of the experimental field were regularly collected and analyzed in 
the lab of IAAS as well as the labs of National Agricultural Research Center 
(NARC) in Kathmandu to determine different soil properties and soil water 
content during the crop season. The description of soil samples taken are 
shown in Table 3. 2.  
The soil samples were taken from four different depths of 0.1m, 0.3m, 0.6m 
and 0.8m from four different points of experimental plots before first sowing. 
The soils were analyzed in NARC lab and the soil texture class and organic 
matter content were determined. The undisturbed soil sample was also taken 
in Kopecky rings with volume of 270 cm³ to determine the bulk density of soil. 
The saturated hydraulic conductivity of soil in experimental plots was 
determined every year using double ring infiltrometer. The disturbed soil 
samples were taken every two weeks at four different depths of 0.1m, 0.3m, 
0.6m and 0.8m during the season to determine the soil water contents.  
Table 3. 2: Soil data collected during the experiments. 
Description How When  (Number of samples) 
Soil texture Hydrometer (Bouyoucos, 1962) 
Before first sowing (20 
samples) 
Bulk density Undisturbed soil sampling 
Before first sowing (20 
samples) 
Saturated hydraulic 
conductivity 
Double ring infiltrometer 
(ASTM, 2003) 
Every year (2 times) 
Soil water content 
Gravimetric soil sampling (Black, 
1965)  
Every 2 weeks during growing 
season (4 samples of 0.25 m 
length up to 1 m depth per 
plot) 
 
3.3.2 Climatic data  
Daily historical climatic data for 30 years (1 January1981 - 31 October 2011) 
was collected from a representative climatic station for the Chitwan district 
(Rampur: 84.41°E, 27.61°N, 160 MASL). The data set contained daily rainfall, 
minimum and maximum air temperature for the whole period, and observed 
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hours of bright sunshine for part of the period. The atmospheric power of the 
atmosphere, or reference evapotranspiration (ETo), was calculated with the 
FAO Penman-Montheith method with the help of the ETo calculator (FAO, 
2009). Solar radiation data were estimated with the temperature difference 
method when it was missing, and dew point temperature was assumed to be 
similar to minimum temperature (Allen et al. (1998). An average wind speed of 
0.8 m/sec, as reported in New_LocClim (FAO, 2005) for Rampur, was assumed 
throughout the year. 
Table 3. 3: Climatic data collected from the station at NARC during the experiments. 
 
The climatic data for the field experiments were collected from the weather 
station of Department of Meteorology (DoM) located at distance of about 
800m from the experimental plots. The daily minimum and maximum 
temperature and precipitation were also recorded using pluviometer and 
thermometer near the experimental plots and cross compared with weather 
station data from DoM for accuracy. The descriptions of climatic data taken are 
presented in Table 3.3. 
3.3.3 Crop data  
The crop data taken during the season are shown in Table 3.4.  
Overhead pictures were taken from each experimental plot (Six pictures from 
each plot) at regular interval of 10 days during the season and analyzed using 
the procedure and described by Karcher and Richardson (2005) to determine 
the canopy cover. The above ground biomass samples were taken every two 
weeks during the season to determine dry crop biomass by oven drying during 
the season. Constant consultations were done with the professors of 
agronomy department to determine the crop phenological stages. The 
maximum rooting depth was determined by digging a pit and measuring the 
Description How When   
Precipitation Pluviometer/Department of 
Metereology (DoM) 
Daily 
Minimum and maximum 
temperature 
Thermometer/DoM Daily 
Mean relative humidity DoM Daily 
Sunshine hours DoM Daily 
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rooting depth before the crop senescence. The final yield data were taken by 
sun drying the grain yields from each of the plots after harvesting. 
Table 3. 4: Crop data collected during the experiments. 
1Pictures are taken at an approximate height of 1.5 m. perpendicular to the experimental fields. To reduce 
the error that could occur at the four corners due to deformation, the center square was cropped and 
selected as representative of each picture and resized into 800*800 pixels. With help of macro, the numbers 
of green pixels were counted against the total number of pixels in the picture as the canopy cover 
percentage.  
 
3.3.4 Irrigation data 
During each irrigation application, the effective applied irrigation amount was 
recorded. The irrigation was applied through a pipe connected to deep 
tubewell directly into the irrigated plots by flooding. The discharge from the 
pipe was measured at the start of the irrigation and end of the irrigation and 
total irrigated time was measured to calculate the total irrigation applications.  
3.4 Field management 
3.4.1 Rice 
Nursery beds at the height of 0.25 m above the ground level were prepared for 
both years. Seeds were sown at the rate of 100 g/m2 rice about a month 
before transplanting. The seedlings were transplanted from nursery beds to 
the experimental plots after 29 days. The seedlings were planted at the rate of 
2-3 seedlings per plantation, with a spacing of around 0.25 m. The seedlings 
Description How When  (Number of samples) 
Canopy cover 
Overhead picture
1
 analysed with 
macro for Sigmascan software 
(Karcher and Richardson, 2005) 
Every 10 days during growing 
season (6 pictures from each plot) 
Phenological stages Observations by crop phenologist During growing season (every 10 to 
30 days) 
Above-ground 
biomass 
Destructive sampling in randomly 
selected area (0.5*0.5 m²). 
Sample was oven dryed at 65° C 
for 72 hours 
Every 2 weeks during growing 
season (1 sample per plot) 
Maximum rooting 
depth 
Destructive sampling Before crop senescence (1 sample 
per plot) 
Final above-ground 
biomass 
Destructive sampling ( total plot 
area) and oven drying at 65° C for 
72 hours 
After harvesting (total per plot) 
Final yield Grain dried up to 12.5% moisture 
content 
After harvesting (total per plot) 
1000 grain weight Grain dried up to 12.5% moisture 
content 
After harvesting (3 samples per plot) 
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were transplanted on 3 July in both years of field experiments. Urea (CO 
(NH2)2), Diammonium Phosphate (DAP), Muriate of Potash (KCl) and Zinc 
Sulfate (ZnSO4) were used as source of Nitrogen, Phosphorus, Potash and Zinc 
Sulfate respectively. DAP, Muriate of Potash and Zinc Sulfate were applied and 
mixed with soil before the sowing whereas Urea was applied in split: a first half 
at sowing and second half at around tillering and panicle initiation stages of 
the crop. National recommended Farm Yard Manure (FYM) (6t/ha) was mixed 
with soil during plough of soil in all plots, a week before transplanting.   
The soil water content in the nursery beds were held at field capacity with 
regular irrigations. After transplantation, no irrigation was needed to be 
applied in both years due to adequate rainfall during the growing season and 
the high level of rain water retained on the rice fields.  
The fields were kept free of weeds and insects during the season. The weeding 
was done by hand after 55-60 days of transplantation. The crops were closely 
monitored during the season, and as no infestation or disease were seen 
during season, no insecticides were used.  
3.4.2 Wheat 
The wheat was sown in line with seed rate of 120 kg/ha. The lines were spaced 
at 0.25 m apart from each other. Wheat was sown on 29 November 2009 in 
first year and 14 December 2010 in second year. DAP, Muriate of Potash and 
Zinc Sulfate were applied in line parallel to the sowing line and covered with 
soil during the sowing whereas Urea was applied similarly in split: a first half at 
sowing and second half at around tillering and panicle initiation stages of the 
crop. Equal amount of National recommended FYM (6t/ha) was mixed with soil 
in all plots during plough of soil, a week before sowing.   
The soil water content of the field was measured by taking disturbed soil 
samples before sowing and during the growing season to ensure there is 
enough water in soil for full irrigation treatments. The soil samples were taken 
at regular intervals of 10-12 days and as soon as the soil water content went 
below 50% of total readily available, the full irrigation treatment plot were 
irrigated. The approximate minimum depth of the irrigation application was 
calculated by the means of soil water balance described by Allen et al. (1998) 
(Eq. 3.2). The irrigation was done by flooding the plots through a pipeline from 
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the tubewell and done until the whole plot was thoroughly wet. The discharge 
from pipe and irrigation time were tracked to calculate the total irrigation 
depth. The daily ETo was calculated from the climatic data collected from 
nearby station. The evapotranspiration (ETc) was calculated with the crop 
coefficient (Kc) and reference evapotranspiration (ETo) (Eq. 3.1). The crop 
coefficient (Kc) of 1.15 (Allen et al., 1998) was used, which is a good indicative 
value for cereals with good soil cover after development.  
ETc=Kc.ETo    (Eq. 3.1) 
                     
  
      
  
      (Eq. 3.2) 
where, ETc = crop evapotranspiration under optimal conditions 
Kc = crop coefficient 
ETo = reference evapotranspiration 
IT1= irrigation depth required at time T1 (mm), 
WrFC = soil water content in the root zone at field capacity (mm), 
WRT0 = soil water content in the root zone at time T0 (mm), 
         = sum of daily crop evapotranspiration (mm) between time T0 and T1, 
        = sum of rainfall (mm) between time T0 and T1 
 
For deficit-irrigated treatments, plots were irrigated during crown root 
initiation and flowering stages, which were considered as most drought 
sensitive stages for wheat (Section 2.4.2.4). 
The fields were kept free of weeds and insects during the season. The weeding 
was done by hand after 35-40 days of sowing. The crops were closely 
monitored during the season, and as no infestation or disease were seen 
during season, no insecticides were used.  
3.4.3 Maize 
The maize seeds were sown in lines spaced at 0.75 m apart from each other. 
The distance between one sowing to another was kept at 0.25m. 2-3 seeds 
were sown at each point as a precaution. Maize was sown on 13 February 2010 
in first year and 28 March 2011 in second year. DAP, Muriate of Potash and 
Zinc Sulfate were applied in small hole near the sowing and covered with soil 
during the sowing whereas Urea was applied similarly in split: a first half at 
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sowing and second half around flowering stages of the crop. Equal amount of 
National recommended FYM (6t/ha) was mixed with soil in all plots during 
plough of soil, a week before sowing.   
The irrigation requirements of maize was also tracked as described in section 
3.4.2 for wheat and irrigation was applied in similar way. The crop coefficient 
(Kc) of 1.20 (Allen et al., 1998) was used for maize to calculate the irrigation 
requirements. For deficit-irrigated treatments, plots were irrigated during 
flowering and cob formation stages that were considered as most drought 
sensitive stages for maize (Section 2.4.3.4). 
The fields were kept free of weeds and insects during the season. The weeding 
was done by hand after 30-35 days of sowing. The crops were closely 
monitored during the season. During first year, the crops were infested with 
the stem borer. Decis-Deltamethrin was used as insecticide to control the stem 
borer successfully. During second year no infestation or disease were seen 
during season, so no insecticides were used.  
3.5 Data analysis and results 
3.5.1 Soil data 
The average soil texture and soil organic content of the samples taken from 
four different depths are shown in Table 3.5.  
Table 3. 5: Soil texture and soil organic content of soil samples taken from experimental fields. 
Depth (m) Sand (%) Silt (%) Clay (%) Organic Matter (%) 
0.1 54.9 33.2 11.9 3.879 
0.3 56.6 32.2 11.2 3.361 
0.6 58.9 30.2 10.9 2.845 
0.8 59.9 30.3 9.8 2.586 
 
Since there were no significant differences between the soil textures of the 
different layers, a uniform soil profile was considered for use in the simulations 
with AquaCrop. The soil physical characteristics were determined using pedo-
transfer functions from soil texture with SPAW software package (Saxton and 
Rawls, 2006). The soil physical characteristics are presented in the Table 3.6.  
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The usability of pedo-transfer functions for soils in Chitwan has already been 
tested by De Decker (2013). The details of the results are presented in Section 
5.3.2. 
Table 3. 6: Soil physical characteristics of sandy loam soil in experimental fields estimated via 
SPAW software package (Saxton and Rawls, 2006). 
Soil Type 
Soil Water Content at  Total 
Available 
Water (TAW) 
Saturated 
Hydraulic 
Conductivity 
(Ksat) 
Permanent 
Wilting Point 
(θWP) 
Field 
Capacity 
(θFC) 
Saturation 
Point  
(θsat) 
vol% mm/m mm/day 
Sandy Loam 8.9 23.0 51.4 141 1250 
 
3.5.2 Climatic data 
The average daily computed ETo is in line with the mean monthly values 
estimated by New_LocClim (FAO, 2005) (Figure 3.3).  
 
Figure 3. 3: Mean monthly ETo (grey line) for Rampur (New_LocClim) and average daily ETo 
(black line) calculated with the FAO Penman-Monteith method with daily data for 30 years 
(1981-2011) obtained from Rampur weather station. 
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Figure 3. 4: Rainfall and reference evapotranspiration (ETo) during the field experiment years 
(November, 2009- October, 2011). 
The collected rainfall data and reference evapotranspiration calculated with 
FAO Penman Monteith equation during the field experiment period 
(November 2009- October 2011) is presented in Figure 3.4. The rainfall data 
collected near the plots for the cross comparison were compared with the 
rainfall data collected at Rampur weather station and the comparison yielded 
correlation coefficient of 0.99. The comparison between two data is presented 
in Figure 3.5. 
 
Figure 3. 5: Comparison between the daily rainfall data collected during the experimental 
period for second year (2010-11) at Rampur weather station and near the plots.  
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3.5.3 Irrigation data 
The measured irrigation dose applied on the irrigated experimental plots and 
the time of irrigation application are presented in Table 3.7.  
Table 3. 7: Irrigation depth applied on the different experimental plots. The explanation of the 
experimental plot treatment codes are presented in Table 3.1.  
Crop  Experimental plot 
treatment code 
Irrigation applied on 
(days after sowing) 
Irrigation dose  
(mm) 
Wheat 
DFn1 30 110 
FFn1 
30 110 
102 130 
 FFo2,FFn2, FFu2 
45 40 
90 40 
Maize 
Dfn1 57 130 
FFn1 
30 107 
57 130 
 FFo2,FFn2, FFu2 5 90 
  
3.5.4 Crop data 
Analysis of Variance (ANOVA) and multiple comparisons were used to analyze 
significant difference in response variables (yield, biomass, harvest index, 1000 
grain weight) between the different treatments (water/fertilizer). Microsoft 
Excel and SPSS was used for ANOVA tests. In case of difference between the 
treatments, Tukey’s HSD test was used at 5% significance level for multiple 
comparisons. 
3.5.4.1 Rice  
During the first year of the experiments, only difference in water regime was 
used for the experiments. As the rainfall was sufficient for rice during the 
monsoon season, there was no difference in the treatments and hence there 
was no significant difference in the final dry aboveground biomass, harvest 
index, 1000-grain weight or yield as shown in Table 3.8.  
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Table 3. 8: Impact of irrigation on rice in Rampur (2010). 
Treatment 
Final 
Biomass 
(t/ha) 
Standard 
Deviation 
Final 
1000 
Grain 
Weight 
(g) 
Standard 
Deviation 
Final 
Yield 
(t/ha) 
Standard 
Deviation 
Calculated 
Final 
Harvest 
Index 
Standard 
Deviation 
FFn1 9.3a 1.7 22.0b 0.4 4.0c 0.2 0.44d 0.08 
DFn1 10.1a 1.8 21.8b 0.3 4.1c 0.1 0.43d 0.07 
RFn1 9.5a 0.4 21.7b 0.5 4.1c 0.3 0.41d 0.05 
HSD0.05 3.7  0.9  0.6  0.17  
SE 0.8  0.2  0.1  0.04  
F=Full Irrigation, D=Deficit Irrigation, R= Rainfed; Fn=Fertilizer applied in National Recommended Fertilizer 
Dose (See footnote of Table 3.1) Means not connected by the same letters are significantly different at alpha 
0.05. HSD0.05: Honestly significant difference, SE: Standard error of means.  
 
The ANOVA analysis for second year experimental data showed that there 
were no significant interaction between the effects of water and fertilizer on 
dry aboveground biomass or yield so the mean comparison were done 
separately between two different treatment factors and presented in Table 
3.9.  
Table 3. 9: Impact of fertilizer and irrigation on rice in Rampur (2011). 
Treatment Fertilizer 
Regime 
Water 
Regime 
Final Biomass 
(t/ha) 
Final 1000 
Grain 
Weight (g) 
Final Yield 
(t/ha) 
Calculated 
Final Harvest 
Index 
RFo2 0% NRFD R 5.7±0.6 20.8±0.7 3.1±0.3 0.55±0.01 
RFn2 100% NRFD 7.9±0.5 22.7±1.6 4.1±0.3 0.52±0.01 
RFu2 150% NRFD 10.2±0.9 22.0±2.1 4.8±0.3 0.49±0.01 
FFo2 0% NRFD F 6.0±0.6 21.6±1.8 3.1±0.4 0.52±0.04 
FFn2 100% NRFD 8.4±1.2 21.9±1.9 3.9±0.2 0.47±0.04 
FFu2 150% NRFD 10.4±1.3 21.8±2.1 4.8±0.5 0.46±0.06 
 0% NRFD  5.8a 21.2d 3.1e 0.53h 
 100% NRFD  8.2b 22.3d 4.0f 0.50h 
 150% NRFD  10.3c 21.9d 4.8g 0.47h 
 HSD0.05  1.7 3.5 0.7 0.07 
 SE  0.4 0.8 0.2 0.02 
  R 7.9w 21.9x 3.9y 0.51z 
  F 8.2w 21.8x 4.0y 0.49z 
  SE 0.2 0.3 0.1 0.02 
NRFD=National Recommended Fertilizer Dose (See footnote of Table 3.1), R= Rainfed, F= Irrigated. Means not 
connected by the same letters are significantly different at alpha 0.05. HSD0.05: Honestly significant 
difference, SE: Standard error of means and values given ±1 is standard deviation (n=3). 
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In Table 3.9, it can be seen that there is significant difference between the 
biomass, harvest index and yield between the different fertilizer treatments. 
The increase of fertilizer application has significant effect on increasing the 
yield of rice. However, effects of water treatment regimes were insignificant. It 
is because there was sufficient amount of water from rainfall so there was no 
necessity for irrigation application.  
3.5.4.2 Wheat  
During the first year of the experiments, only the difference in water regime 
was used for the experiments. The comparisons of the means between 
different treatments are shown in Table 3.10. It can be seen from results, that 
there is a significant difference in above ground biomass, 1000-grain weight 
and yield of wheat between the rainfed and full irrigated treatments. There 
was significant difference between 1000-grain weight between deficit irrigated 
and full irrigated treatments. However, there was no significant difference 
between the yield and biomass between the full and deficit irrigated 
treatments. This might be due to sufficient water stored in soil from monsoon 
rainfall and additional water input at critical stages in deficit irrigation 
treatment, which was sufficient for optimal yield. 
Table 3. 10: Impact of irrigation on wheat in Rampur (2009-10). 
Treatment 
Final 
Biomass 
(t/ha) 
Standard 
Deviation 
Final 
1000 
Grain 
Weight 
(g) 
Standard 
Deviation 
Final 
Yield 
(t/ha) 
Standard 
Deviation 
Calculated 
Final 
Harvest 
Index 
Standard 
Deviation 
FFn1 12.1a 1.1 42.9e 0.1 4.0e 0.1 0.33g 0.02 
DFn1 10.8ab 0.5 41.8d 0.2 3.9e 0.2 0.36g 0.01 
RFn1 9.0b 0.4 41.6d 0.4 3.3f 0.3 0.36g 0.01 
HSD0.05 1.8  0.7  0.5  0.04  
SE 0.4  0.2  0.1  0.01  
F=Full Irrigation, D=Deficit Irrigation, R= Rainfed; Fn=Fertilizer applied in National Recommended Fertilizer 
Dose (See footnote of Table 3.1) Means not connected by the same letters are significantly different at alpha 
0.05. HSD0.05: Honestly significant difference, SE: Standard error of means.  
 
The ANOVA analysis for second year experimental data showed that there was 
no significant interaction between the effects of water and fertilizer on dry 
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aboveground biomass or yield so the mean comparison were done separately 
between the two different treatment factors and presented in Table 3.11.  
Table 3. 11: Impact of fertilizer and irrigation on wheat in Rampur (2010-11). 
Treatment 
Fertilizer 
Regime 
Water 
Regime 
Final Biomass 
(t/ha) 
Mean 1000 
Grain 
Weight (g) 
Final Yield 
(t/ha) 
Calculated 
Final Harvest 
Index 
RFo2 0% NRFD R 
 
6.3±0.4 46.2±0.4 1.9±0.3 0.31±0.03 
RFn2 100% NRFD 10.4±0.8 47.6±0.2 3.5±0.4 0.33±0.01 
RFu2 150% NRFD 11.4±1.4 47.8±1.5 3.7±0.2 0.33±0.05 
FFo2 0% NRFD F 
 
6.2±0.4 45.6±2.2 2.0±0.1 0.32±0.03 
FFn2 100% NRFD 11.7±0.8 48.5±0.4 3.7±0.5 0.32±0.03 
FFu2 150% NRFD 13.4±0.9 49.7±1.4 4.1±0.2 0.31±0.03 
 0% NRFD  6.2a 45.9c 2.0e 0.31g 
 100% NRFD  11.0b 48.1d 3.6f 0.32a 
 150% NRFD  12.4b 48.8d 3.9f 0.32a 
 HSD0.05  1.6 1.7 0.7 0.03 
 SE  0.4 0.4 0.2 0.01 
  R 9.3w 47.2x 3.1y 0.33z 
  F 10.4w 47.9x 3.3y 0.32z 
  SE 0.2 0.3 0.1 0.01 
NRFD=National Recommended Fertilizer Dose (See footnote of Table 3.1), R= Rainfed, F= Irrigated. Means not 
connected by the same letters are significantly different at alpha 0.05. HSD0.05: Honestly significant 
difference, SE: Standard error of means and values given ±1 is standard deviation (n=3). 
 
In Table 3.11, it can be seen that there is significant difference between the 
biomass between the different fertilizer treatments. The increase of fertilizer 
application has significant effect on increasing the yield of wheat up to 100% 
NRFD. There was some difference between the yields with 100% NRFD and 
150% NRFD application, however the difference was not significant. The effect 
of the water regime has some difference on the biomass, yield or 1000 grain 
weight,  but the difference was not significant which might be due to sufficient 
water stored in soil from monsoon rainfall and some late rainfall during wheat 
season in second year contributing to the increase in yield in rainfed 
treatment.  
3.5.4.3 Maize  
During the first year of the experiments, only the difference in water regime 
was used for the experiments. The comparisons of mean between different 
treatments are shown in Table 3.12. It can be seen from results that there is 
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significant difference in above ground biomass, 1000 grain weight and yield of 
maize between the rainfed and irrigated treatments. The significant difference 
in above ground biomass and yield between the deficit and full-irrigated 
treatments shows the effect of water regimes in drier period.  
Table 3. 12: Impact of irrigation on maize in Rampur (2010). 
Treatment 
Final 
Biomass 
(t/ha) 
Standard 
Deviation 
Final 
1000 
Grain 
Weight 
(g) 
Standard 
Deviation 
Final 
Yield 
(t/ha) 
Standard 
Deviation 
Calculated 
Final 
Harvest 
Index 
Standard 
Deviation 
FFn1 10.5a 0.2 263.9d 2.7 2.73f 0.1 0.28h 0.01 
DFn1 8.2b 0.2 256.8d 4.4 2.27g 0.2 0.26h 0.04 
RFn1 4.2c 0.1 219.0e 14.4 0.32h 0.2 0.07i 0.04 
HSD0.05 0.4  22.1  0.4  0.08  
SE 0.1  5.0  0.1  0.02  
F=Full Irrigation, D=Deficit Irrigation, R= Rainfed; Fn=Fertilizer applied in National Recommended Fertilizer 
Dose (See footnote of Table 3.1) Means not connected by the same letters are significantly different at alpha 
0.05. HSD0.05: Honestly significant difference, SE: Standard error of means.  
 
The ANOVA analysis for second year experimental data showed that there was 
no significant interaction between the effects of water and fertilizer on dry 
aboveground biomass or yield so the mean comparison were done separately 
between two different treatment factors and presented in Table 3.13.  
In Table 3.13, it can be seen that there is significant difference between the 
biomass between the different fertilizer treatments. The increase of fertilizer 
application has significant effect on increasing the yield of maize up to 100% 
NRFD. There was some difference between the yields with 100% NRFD and 
150% NRFD application, however the difference was not significant. Effect of 
water treatment regimes had a significant effect on biomass and 1000-grain 
weight. However, the effect of the water regime had some difference in the 
yield but it was not significant, which might be due to some late sowing of 
maize in second year and the early monsoon rainfall contributing to the 
increase in yield in rainfed treatment.  
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Table 3. 13: Impact of fertilizer and irrigation on maize in Rampur (2011). 
Treatment 
Fertilizer 
Regime 
Water 
Regime 
Final Biomass 
(t/ha) 
Mean 1000 
Grain 
Weight (g) 
Final Yield 
(t/ha) 
Calculated 
Final Harvest 
Index 
RFo2 0% NRFD R 
 
5.8±0.2 239.7±14.6 1.5±0.7 0.26±0.12 
RFn2 100% NRFD 9.3±0.6 249.3±5.5 2.8±0.3 0.30±0.02 
RFu2 150% NRFD 11.1±1.0 260.0±5.3 2.9±0.3 0.26±0.00 
FFo2 0% NRFD F 
 
6.8±0.2 257.3±9.0 2.1±0.5 0.30±0.07 
FFn2 100% NRFD 9.7±0.9 258.0±6.2 2.9±0.2 0.30±0.01 
FFu2 150% NRFD 12.6±0.7 264.3±5.8 3.5±0.4 0.27±0.02 
 0% NRFD  6.3a 248.5d 1.8g 0.28i 
 100% NRFD  9.5b 253.7de 2.9h 0.30i 
 150% NRFD  11.9c 262.2f 3.2h 0.27i 
 HSD0.05  0.7 10.0 0.9 0.11 
 SE  0.2 2.5 0.2 0.04 
  R 8.7u 249.7w 2.4y 0.27z 
  F 9.7v 259.9x 2.8y 0.29z 
  SE 0.2 3.6 0.2 0.03 
NRFD=National Recommended Fertilizer Dose (See footnote of Table 3.1), R= Rainfed, F= Irrigated. Means not 
connected by the same letters are significantly different at alpha 0.05. HSD0.05: Honestly significant 
difference, SE: Standard error of means and values given ±1 is standard deviation (n=3). 
 
3.6 Conclusions 
It was observed that there is significant increase in yield of all crops with 
higher fertilizer application. Also in the dry season, the water regime also 
played a role in the increase of the above ground biomass and consequently 
final grain yields. However, with small sample size such conclusion is more 
speculative than objective. 
The generalization of the results is not possible because sample size of two 
years was too small. The data collected is used to fine-tune and validate 
AquaCrop model in Chapter 4 and hence the generalization issue is addressed 
by use of validated model to simulate the rice, wheat and maize grain yields 
for many years to allow for statistical generalization.  
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Chapter 4: Local calibration and validation of 
AquaCrop 
 
4.1 Crop modeling 
The essence of the crop modeling comes into light when long-term 
experiments in cropping systems/productions cannot provide quick answer 
that are promptly needed. A model is defined as a simplification or abstraction 
of a real system (Loomis et al., 1979). A validated crop model can be a valuable 
tool to use as a decision support tool for system management or as an assessor 
of optimum crop management practices for making seasonal or within-season 
decisions (Boote et al., 1996; Steduto et al., 2009). 
Crop models have been classified into two different categories: scientific and 
engineering, based on their purpose (Steduto et al., 2009). Based on the 
functional laws and theory of the system they model, scientific models are 
useful to understand and formulate innovative technologies for agricultural 
crop production. DSSAT (Jones et al., 2003), WOFOST (Boogaard et al., 1998), 
CropSyst (Stockle et al., 1994), EPIC (Williams et al., 1989), APSIM model 
(Keating et al., 2003) etc. are examples of some of the scientific models 
available. These scientific models need relatively complicated input 
parameters that are not easily available and are restricted to specific crops, 
hence are not used widely for different crops and locations. Engineering 
models use a mixture of well-established theories and robust empirical 
relationships to provide predictions and advice for management decision 
making (Passioura, 1996; Steduto et al., 2009). More simplified robust models 
such as CROPWAT (Smith, 1992) and BUDGET (Raes et al., 2006) that are based 
on yield response factor (Ky) approach of Doorenbos and Kassam (1979) have 
been developed that only requires simple inputs. However crop development 
described in these models are more static and is not adjusted to water stress 
during the simulation runs. The AquaCrop model (Steduto et al., 2009; Raes et 
al., 2009) developed by FAO uses an approach that is more dynamic in crop 
development and tries to reach accuracy with simple and robust procedure. 
With simpler and less input requirements than CropSyst and WOFOST, 
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AquaCrop performed similarly in simulating both biomass and yield at 
harvesting (Todorovic et al., 2009). 
4.2 AquaCrop model 
AquaCrop model is a water-driven simulation model developed by FAO to offer 
practical guidelines for irrigation managers, project planners and field 
extension workers for various environments. The mechanism of the AquaCrop 
model and how water stress affects major processes of plant growth and 
development is presented in Figure 4.1.  
 
Figure 4. 1: Calculation scheme of AquaCrop. The processes (a to e) affected by water stress 
are indicated with dotted arrows. Ks is the stress coefficient for a specific process. CC* is the 
canopy cover adjusted for microadvective effects and CCpot is the potential canopy cover. ETo 
is the reference evapotranspiration, Kcb the coefficient for crop transpiration and WP* the 
biomass water productivity normalized for ETo and air CO2 concentration. HI is the harvest 
index (Raes et al., 2009). 
AquaCrop uses a relatively small number of parameters (explicit and mostly 
intuitive) and pursues an optimum balance between simplicity, accuracy and 
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robustness. AquaCrop is a multi-crop water productivity model that simulates 
biomass production based on the amount of water transpired from green 
canopy cover under the governing environmental conditions. AquaCrop 
simulates the development of canopy cover (CC) giving it value of 0 (i.e. 0% of 
the soil covered by canopy) sowing and its maximum (CCx) value at the end of 
canopy expansion, which can be 1 if all soil surface is covered by canopy under 
optimal conditions. Water, temperature, salinity or fertility stress may limit 
canopy expansion resulting in less crop transpiration. Cumulative biomass 
production (B) is linked to the ratio of daily crop transpiration (Tr) to reference 
evapotranspiration (ETo) for that day via the biomass water productivity 
parameter (WP*):  
       
   
   
    
     (Eq.4.1) 
 Ksb is a crop specific temperature stress coefficient that reduces biomass 
production when the air temperature drops below a threshold. Daily crop 
transpiration (Tri) is calculated by multiplying the daily evaporating power of 
the atmosphere (EToi) with the crop coefficient (KcTr) and by considering water 
stresses with the help of a set of water stress coefficients (Ks). The water stress 
coefficients (Ks) is function of soil water content in root zone and expressed as 
a fractional depletion (p) of total available water. The water stress coefficients 
for (i) reduction of canopy expansion rate (Ksexp,w), (ii) stomatal closure (Kssto), 
(iii) acceleration of canopy senescence (Kssen) and (iv) changes in HI are taken 
into account with their threshold value for soil water depletion. Depending on 
the simulated water content in the root zone, water stress can reduce canopy 
development (which determines KcTr) and induce stomatal closure (which 
affects Tr) when thresholds are reached. The various thresholds for water 
stress are crop specific.  
 
Various soil fertility stress coefficients (Ks) are considered to simulate the 
effects of the soil fertility stress on canopy development and biomass 
production:  
i. Soil fertility stress coefficient for canopy expansion (Ksexp,f) 
targeting canopy growth coefficient (CGC); 
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ii. Stress coefficient for maximum canopy cover (KsCCx) targeting 
maximum canopy cover (CCx);  
iii. Stress decline coefficient of the canopy cover (fCDecline) targeting the 
canopy cover (CC) once maximum canopy cover has been reached; 
and, 
iv. Stress coefficient for biomass water productivity (KsWP) targeting 
Biomass water productivity (WP*).  
 
Depending upon the magnitude of the soil fertility stress, the above mentioned 
coefficients vary from one to zero. When the soil fertility stress increase from 
zero (no stress) to 100% (full stress), the three Ks coefficients decrease from 
one to zero. The shapes of the various stress coefficients are determined at 
calibration by specifying a Ks value between 1 and 0.  
 
 The Yield (Y) is the product of the final biomass multiplied by the harvest index 
(HI):  
Y = B · HI     (Eq. 4.2) 
Concepts and equations of AquaCrop are described in detail by Raes et al. 
(2009) and Steduto et al. (2009). Before the model can be applied in a 
particular region, it should be calibrated and validated with local experimental 
data. 
4.3 Fine-tuning of crop parameters and validations of 
AquaCrop 
4.3.1 Method 
AquaCrop provides a set of crop parameters for rice, wheat and maize. The 
conservative parameters are crop-specific and do not change with time, 
management practices, geographic location or climate, and cultivar. They were 
calibrated in other studies with crop data grown under favorable and non-
limiting conditions but remain applicable for stress conditions via their 
modulation by stress response functions (Hsiao et al., 2009). The other crop 
parameters, which are cultivar-specific and less conservative, describe 
predominantly the length of growing stages and phenology.  
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1. Fine-tuning of non conservative crop parameters: To fine-tune the cultivar 
specific or less conservative parameters to the local environment, the 
length of each phenological stage, the initial and maximum canopy cover 
as well as the canopy cover development and the maximum rooting depth 
were adjusted according to the data observed in the fields in 2010/11 with 
unlimited fertility and full irrigation (FFu2). After running the simulation 
with local climatic data (section 3.5.2) for the 3 crops by considering the 
initial soil water content as observed in the field, the simulated soil water 
content (SWC), green canopy cover (CC) and above ground biomass (B) 
were compared with field observed data. The crop phenological stages, 
canopy and root development were adjusted within a limited range (±15 
%) after the initial simulations to achieve a good agreement between 
simulated and field observed data. 
 
2. Calibration of crop responses to soil fertility: The crop response to soil 
fertility stress in AquaCrop is based on fundamental concepts, but is at 
present described by a qualitative assessment. Since the crop fertility 
response is non-conservative but specific to the type of stress and the 
environment in which the crop develops, it should be calibrated for the 
local environment. Soil fertility stress in AquaCrop is given by: 
                             
                  
                
  (Eq.4.3) 
Where, Bcalibration field is the total biomass at the end of the crop cycle in the 
field with soil fertility stress and Breference field is the corresponding biomass 
in the unstressed reference field. It varies between 0 % (no soil fertility 
stress) and 100 % (full stress resulting in no crop).  
The biomass production in a stressed field is reduced due to a decline in 
canopy development and a drop in biomass water productivity (Raes et 
al., 2012). The shape of each of the stress coefficient (Ksexp,f, KsCCx, fCDecline, 
KsWP) curves is determined by observations of the canopy development 
and biomass production in the calibration field. The shapes of the four 
stress coefficient curves determine the stress coefficient values at other 
soil fertility stresses. 
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In our case, the FFu2 is considered as ‘reference field’ and FFo2 is 
considered as ‘calibration field’. The calibration for soil fertility is done by 
inputting following field observed values into AquaCrop: 
i. the ratio between the biomass observed at the ‘calibration field’ 
i.e. FFo2 and the biomass observed at the ‘reference field’ i.e. 
FFu2; 
ii. the observed maximum canopy cover (CCx) at stressed field;  
iii. the class of the canopy cover decline during the season . 
Based on these three inputs, AquaCrop determines the shape of four 
stress coefficients automatically by means of an iterative optimization 
algorithm.  
3.  Validation of AquaCrop for rice, wheat and maize in the Terai: The 
validation consisted in simulating the remaining field datasets with the 
various water and fertility treatments (i.e. FFn1, DFn1, RFn1 (2009/2010) 
and RFn2, RFo2, RFu2, FFn2 (2010/2011)).  
All model simulations in the three steps were evaluated against field 
observations with three statistical estimators (Loague and Green, 1991; Draper 
and Smith, 1998; Krause et al., 2005): the coefficient of variation of root mean 
squared deviation (CV(RMSD)), the coefficient of determination (R2) and the 
Nash–Sutcliffe efficiency (EF): 
- the Coefficient of variation of Root Mean Square Deviation (CV(RMSD)) is a 
statistical estimator to show how much the model over or under-estimates 
the observations; 
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O
n
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RMSDCV
n
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ii
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1
2
)(   (Eq.4.4) 
where Oi and Pi are respectively the observed and predicted (simulated) 
values, and O  is the mean observed value. 
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- Coefficient of determination (R²) gives the amount of variance explained 
by the model compared to the total observed variance. R² ranges from 0 to 
1, with higher values expressing a better linear relationship between the 
observed and predicted relative yield;  
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- Nash- Sutcliffe efficiency (EF) indicates the robustness of the model. EF 
ranges from minus infinite to one with higher values indicating a better 
agreement. If EF is negative, the model prediction is worse than the mean 
observation:  
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  (Eq. 4.6) 
4.3.2 Fine-tuning results 
4.3.2.1 Goodness of fit for rice 
The crop data collected as described in section 3.3.3 from experimental plot 
FFu2 were used to fine-tune the crop parameters of rice. No soil samples were 
taken from experimental plots due to submergence of plots in water during 
the monsoon season, so the soil water content was not taken into account for 
rice. The experimental plot FFo2 was taken as calibration field for fertility 
stress calibration. The data used for calibration of soil fertility stress is 
presented in Table 4.1.  
The graph of the simulation of canopy cover and biomass for experimental 
plots FFu2 and FFo2 after calibration are presented in Figures 4.2 (a and b) and 
4.3 (a and b) respectively. 
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Table 4. 1: The relative biomass production in the fields (FFo2) used for calibration of soil 
fertility stress for rice, and corresponding effect of stress on canopy development and biomass 
water productivity.  
Crop 
Relative 
biomass 
production 
(%) 
Reduction in 
maximum 
canopy 
cover  
(%) 
Reduction in 
canopy 
expansion   
(%) 
Average decline 
in canopy cover 
(%/day) 
 
Reduction in 
biomass water 
productivity at 
end of season 
(%) 
Rice 57 52 5 0.20 5 
 
 
                                                                                   
(a)                    (b) 
Figure 4. 2: Observed (symbols) and simulated (lines) (a) canopy cover and (b) biomass for rice 
in plot FFu2. Error bars represent standard deviation (n=3). 
 
 
(a)                  (b) 
Figure 4. 3: Observed (symbols) and simulated (lines) (a) canopy cover and (b) biomass for rice 
in plot FFo2. Error bars represent standard deviation (n=3). 
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  (a)                                                (b)   (c)            (d) 
Figure 4. 4: Example of canopy cover in plots (a) FFu2 at start of season (b) FFo2 at start of 
season (c) FFu2 at end of season (d) FFo2 at end of season.  
 
 
Table 4. 2: Goodness-of-fit analysis for the simulated biomass (which includes intermediate 
and final biomass) and canopy cover after calibration of AquaCrop for rice. n represents the 
number of samples used for statistical analysis. 
Crop  Above Ground Biomass Canopy Cover 
Rice 
n 16 18 
CV(RMSD) 0.17 0.15 
R² 0.99 0.93 
EF 0.94 0.85 
 
As it can be seen from the Figures 4.2 a and 4.3 a, the observed canopy cover 
at the start and the end of season were higher than the simulated canopy 
cover due to weeds infestations in the fields (Figure 4.4 a-d). The observed and 
simulated canopy cover development fitted well after the weeding. The 
canopy cover development followed the standard logistic growth curve used 
by AquaCrop for non-stressed conditions (Raes et al., 2012). The simulated and 
observed biomass fitted well during the season (Figures 4.2 b and 4.3 b) except 
in the end of the season. Recorded values of biomass in end of the season 
were lower than reality because manual harvest constrained to leave some 
biomass unattended on the field. The statistical analysis results of calibration 
show adequate statistical values (Table 4.2).  
4.3.2.2 Goodness of fit for wheat 
The crop data collected as described in section 3.3.3 and soil water content 
data as described in section 3.3.1 from experimental plot FFu2 were used to 
fine-tune the crop parameters of wheat. The experimental plot FFo2 was taken 
as calibration field for fertility stress calibration. The data used for calibration 
of soil fertility stress is presented in Table 4.3. 
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Table 4. 3: The relative biomass production in the fields (FFo2) used for calibration of soil 
fertility stress for wheat, and corresponding effect of stress on canopy development and 
biomass water productivity. 
Crop 
Relative 
biomass 
production 
(%) 
Reduction in 
maximum 
canopy 
cover  
(%) 
Reduction in 
canopy 
expansion   
(%) 
Average decline 
in canopy cover 
(%/day) 
Reduction in 
biomass water 
productivity at 
end of season   
(%) 
Wheat 43 57 39 0.28 28 
 
The graph for the simulation of canopy cover, biomass and soil water content 
in the root zone for experimental plots FFu2 and FFo2 after calibration are 
presented in Figures 4.5 (a, b and c) and 4.6 (a,b and c) respectively.  
 
 (a)                                                                                  (b) 
 
   (c) 
Figure 4. 5: Observed (symbols) and simulated (lines) (a) canopy cover (b) biomass and (c) soil 
water content in the root zone for wheat in plot FFu2. Error bars represent standard deviation 
(n=3). Small dashed line in Figure (c) represents field capacity and big dashed line represents 
permanent wilting point.  
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      (a)                                                                                           (b) 
 
    
    (c) 
Figure 4. 6: Observed (symbols) and simulated (lines) (a) canopy cover (b) biomass and (c) soil 
water content in the root zone for wheat in plot FFo2. Error bars represent standard deviation 
(n=3). Small dashed line in Figure (c) represents field capacity and big dashed line represents 
permanent wilting point. 
 
    
     (a)                                        (b)    (c)             (d) 
Figure 4. 7: Example of canopy cover in plots (a) FFu2 at start of season (b) FFo2 at start of 
season (c) FFu2 at end of season (d) FFo2 at end of season.  
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Table 4. 4: Goodness-of-fit analysis for the simulated biomass (which includes intermediate 
and final biomass), canopy cover and soil water content after calibration of AquaCrop for 
wheat. n represents the number of samples used for statistical analysis. 
Crop  Above Ground Biomass Canopy Cover Soil water content in 
root zone 
Wheat 
n 16 20 16 
CV(RMSD) 0.12 0.19 0.06 
R² 0.97 0.91 0.88 
EF 0.97 0.87 0.85 
 
As it can be seen from the Figures 4.5 a and 4.6 a, the observed canopy cover 
at the start (for FFo2 plot) and the end of season were higher than the 
simulated canopy cover due to weeds infestations in the fields (Figure 4.7 a-d). 
The observed and simulated canopy cover development fitted well after the 
weeding. The canopy cover development followed the standard logistic growth 
curve used by AquaCrop for non-stressed conditions (Raes et al., 2012). The 
simulated biomass showed good fit with the field observed biomass during the 
season. Similarly, the soil water content in root zone was simulated well when 
compared to the field observed soil water content. The statistical analysis 
results show adequate statistical values (Table 4.4).  
4.3.2.3 Goodness of fit for maize 
The crop data collected as described in section 3.3.3 and soil water content 
data as described in section 3.3.1 from experimental plot FFu2 were used to 
fine-tune the crop parameters of maize. The experimental plot FFo2 was taken 
as calibration field for fertility stress calibration. The data used for calibration 
of soil fertility stress is presented in Table 4.5. 
Table 4. 5: The relative biomass production in the fields (FFo2) used for calibration of soil 
fertility stress for maize, and corresponding effect of stress on canopy development and 
biomass water productivity. 
Crop 
Relative 
biomass 
production 
(%) 
Reduction in 
maximum 
canopy 
cover  
(%) 
Reduction in 
canopy 
expansion  
(%) 
Average decline 
in canopy cover 
(%/day) 
 
Reduction in 
biomass water 
productivity in 
end of season   
(%) 
Maize 53 31 15 0.85 31 
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The graph for the simulation of canopy cover, biomass and soil water content 
in the root zone for experimental plots FFu2 and FFo2 after calibration are 
presented in Figures 4.8 (a, b and c) and 4.9 (a,b and c) respectively.  
 
   
(a)              (b) 
 
    
      (c) 
Figure 4. 8: Observed (symbols) and simulated (lines) (a) canopy cover (b) biomass and (c) soil 
water content in the root zone for maize in plot FFu2. Error bars represent standard deviation 
(n=3). Small dashed line Figure (c) represents field capacity and big dashed line in Figure (c) 
represents permanent wilting point. 
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                                                    (a)                                                                                           (b) 
 
 
      (c) 
Figure 4. 9: Observed (symbols) and simulated (lines) (a) canopy cover (b) biomass and (c) soil 
water content in the root zone for maize in plot FFo2. Error bars represent standard deviation 
(n=3). Small dashed line Figure (c) represents field capacity and big dashed line in Figure (c) 
represents permanent wilting point. 
 
Table 4. 6: Goodness-of-fit analysis for the simulated biomass (which includes intermediate 
and final biomass), canopy cover and soil water content after calibration of AquaCrop for 
maize. n represents the number of samples used for statistical analysis. 
Crop  Above Ground Biomass Canopy Cover Soil water content in 
root zone 
Maize  
n 12 12 10 
CV(RMSD) 0.11 0.18 0.04 
R² 0.99 0.94 0.88 
EF 0.98 0.90 0.84 
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                         (a)                                           (b)       (c)            (d) 
Figure 4. 10: Example of canopy cover in plots (a) FFu2 at start of season (b) FFo2 at start of 
season (c) FFu2 at end of season (d) FFo2 at end of season.  
As it can be seen from the Figures 4.8 a and 4.9 a, the observed canopy cover 
at the start and the end of season were higher than the simulated canopy 
cover due to weeds infestations in the fields (Figure 4.10 a-d). The observed 
and simulated canopy cover development fitted well after the weeding. The 
canopy cover development followed the standard logistic growth curve used 
by AquaCrop for non-stressed conditions (Raes et al., 2012). The simulated and 
observed biomass fitted well during the season (Figures 4.8 b and 4.9 b) except 
in the end of the season. Recorded values of biomass in end of season were 
lower than reality because manual harvest constrained to leave some biomass 
unattended on the field. Similarly, the soil water content in root zone was 
simulated well when compared to the field observed soil water content. The 
statistical analysis results show adequate statistical values (Table 4.6).  
4.3.2.4 Goodness of fit for final yield predictions 
 
Figure 4. 11: 1:1 plot comparing simulated with observed grain yield for the 3 cereals. 
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The final yield simulated by fine-tuned crop parameters were compared with 
the field observed yield to assess the goodness of fit. The simulated grain yield 
showed good fit with the observed grain yield (Figure 4.11) with CV(RMSD) of 
0.07, R² of 0.99 and EF of 0.95 showing excellent statistical values.  
4.3.2.5 Fine-tuned crop data  
The fine-tuned crop data for rice, wheat and maize are presented in Table 4.7.  
Table 4. 7: Conservative (Raes et al. 2012) and non conservative crop parameters fine-tuned to 
the local environment. 
 Rice Wheat Maize 
A. Conservative crop parameters (Raes et al., 2012) 
Base temperature (°C) 8.0 0.0 8 
Upper temperature (°C) 30.0 26.0 30 
Crop coefficient when canopy is complete but prior to senescence 1.10 1.10 1.05 
Water productivity normalized for ETo and CO2 (gram/m
2) 19.0 15.0 33.7 
Possible increase (%) of HI due to water stress before flowering None Small None 
Coefficient describing positive impact of restricted vegetative growth 
during yield formation on HI 
Small Small Small 
Coefficient describing negative impact of stomatal closure during yield 
formation on HI 
Moderate Moderate Strong 
Allowable maximum increase (%) of specified HI 15 15 15 
Soil water depletion threshold for canopy expansion - Upper threshold 0.00 0.20 0.14 
Soil water depletion threshold for canopy expansion - Lower threshold 0.40 0.65 0.72 
Soil water depletion threshold for stomatal control - Upper threshold 0.50 0.65 0.69 
Soil water depletion threshold for canopy senescence - Upper threshold 0.55 0.70 0.69 
Minimum growing degrees required for full biomass production (°C - day) 10.0 
 
14 
 
15.0 
 
B. Fine-tuned non conservative parameters 
Initial plant density (no. of plants per m2) 32 160 9 
Recovery/emergence (DASa) 6 6 8 
Max. Canopy (DASa) 79 50 61 
Senescence (DASa) 95 90 72 
Maturity (DASa) 115 122 95 
Maximum Canopy Cover (%) 60 90 75 
Flowering day (DASa) 77 66 61 
Maximum root depth (m) 
(m) 
0.5 0.6 1.0 
Average root zone expansion (m/day) 0.005 0.005 0.012 
Reference harvest index (%) 41 33 26 
aDAS= Days after sowing 
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4.3.3 Validation results 
Before using a calibrated model for practical applications, it should be 
validated to check the precision of the predicted yield. The calibrated crop 
parameters (Table 4.7) were validated with the remaining field datasets with 
various water and fertility treatments (i.e. FFn1, DFn1, RFn1 (2009/2010) and 
RFn2, RFo2, RFu2, FFn2 (2010/2011)). The field data sets used for validation 
process were different and independent from the data sets used for calibration 
process.  
The comparison between observed and simulated values of canopy cover, 
biomass and soil water contents in root zone are in a good match (Figure 
4.12(a-c), 4.13(a-c), 4.14 (a,b)). The statistical comparison between the 
simulated and observed values of canopy cover, biomass and soil water 
contents yielded adequate results indicating the ability of AquaCrop to 
simulate calibrated crop parameters for different data observations (Table 
4.8).  
Table 4. 8: Goodness-of-fit analysis for the simulated biomass (which includes intermediate 
and final biomass), canopy cover and soil water content for validation of AquaCrop. n 
represents the number of samples used for statistical analysis. 
Crop  Above Ground Biomass Canopy Cover Soil Water Content
b 
Rice 
n 41 39 - 
CV(RMSD) 0.12 0.20 - 
R² 0.98 0.79 - 
EF 0.97 0.66 - 
Wheat 
n 57 73 65 
CV(RMSD) 0.14 0.12 0.10 
R² 0.95 0.94 0.88 
EF 0.95 0.92 0.62 
Maize 
n 42 42 41 
CV(RMSD) 0.15 0.25 0.06 
R² 0.97 0.91 0.90 
EF 0.96 0.84 0.89 
bThere were no soil samples taken for rice during the monsoon season due to flooding of the paddy fields 
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                                   (a)    (b)           (c)  
Figure 4. 12: Regression between observed and simulated canopy cover (symbols) for (a) rice 
(b) wheat and (c) maize fields used for validation. Error bars represent standard deviations for 
the observations (n=3).  
   
          (a)                                                          (b)              (c)  
Figure 4. 13: Regression between observed and simulated above ground biomass (symbols) for 
(a) rice (b) wheat and (c) maize fields used for validation. Error bars represent standard 
deviations for the observations (n=3).  
  
                                           (a)                                                                 (b)    
Figure 4. 14: Regression between observed and simulated soil water content in root zone 
(symbols) for (a) wheat and (b) maize fields used for validation. Error bars represent standard 
deviations for the observations (n=3). 
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             (a)                                                          (b)         (c)  
Figure 4. 15: Validation of AquaCrop yield simulation: 1:1 plot comparing simulated with 
observed grain yield for (a) rice (b) wheat (c) maize. 
Similarly the statistical analysis of the comparison between the observed and 
simulated final grain yields yielded very good CV(RMSD), R2 and EF values of 
0.05, 0.89 and 0.84 for rice, 0.10, 0.75 and 0.72 for wheat and 0.08, 0.97 and 
0.96 for maize respectively. In Figure 4.15 (a, b and c), the simulated grain yield 
for rice, wheat and maize is compared with the observed grain yield in a 1:1 
graph. 
4.4 Sensitivity analysis 
The Morris method (Morris, 1991) was used to determine the influential 
calibrated parameters in the model. The Morris method is an one-step-at-a-
time method (OAT) which computes for each parameter the elementary effect 
(di) of individual parameter changes on the output according to the Eq. 4.7: 
 
  


  kiiiikii
xxxxxy
xxd
,....,,,,....,
,,..., 11    (Eq. 4.7) 
where, y(x) is the model output; x=(x1,…..xk) is the k-dimensional parameter 
vector;  is a predetermined multiple of 1/(p-i); and p is the number of levels 
corresponding to quantiles of the parameter distribution. This method samples 
values of x from the parameter hyperspace and derives two sensitivity 
measures namely- mean (µ; overall influence) and standard deviation (σ; 
higher order effects) of all elementary effects.  
Campolongo et al. (2007) had proposed the calculating mean of the absolute 
values of the elementary effects (µ*) to avoid effects from cancelling each 
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other out due to opposite signs. In this revised method, µ* is used to detect 
the input factors with an important overall influence on the output and σ is 
used to indicate the interaction with other parameters or non-linearity of the 
model response.  
4.4.1 Material and methods 
SA Toolbox for Eikos (Ekstöm, 2005) was used to perform the Morris analysis. 
The parameters chosen for the sensitivity analysis are presented in Table 4.9. 
In this study, 9500 model runs for each crop were performed according to the 
Morris analysis with 250 trajectories (i.e. measure for the intensity with which 
parameter space is explored), 8 levels and 37 (36 parameters for rice) 
parameters. The total number of simulations was 28,250. Simulated final yield 
was chosen as the target function for this analysis.  
Table 4. 9: Crop parameters of the AquaCrop model considered in the Sensitivity Analysis 
Symbol Description  Units Calibrated? 
CROP PARAMETERS    
Canopy and phenological development   
mat Total length of crop cycle from sowing to maturity  days Yes 
eme  Period from sowing to emergence  days Yes 
ccs  Soil surface covered by an individual seedling at 90% 
emergence 
cm² Yes 
den Number of plants per hectare. - Yes 
cgc  Increase in canopy cover  Fraction/day Yes 
ccx Maximum canopy cover  Fraction of 1 Yes 
sen  Period from sowing to start senescence  days Yes 
cdc  Decrease in canopy cover Fraction  Fraction/day Yes 
hilen  Period of harvest index building-up during yield formation days No 
flo  Period from sowing to flowering  days Yes 
flolen  Length of flowering  days Yes 
Root development   
root  Period from sowing to maximum rooting depth  days Yes 
rtx  Maximum effective rooting depth  m Yes 
rtshp  Shape factor describing root zone expansion  - No 
rtexup  Maximum root water extraction in top quarter of root zone m
3
/m
3
/soil d No 
rtexlw  Maximum root water extraction in bottom quarter of root 
zone 
m
3
/m
3
/soil d No 
Transpiration   
kc  Crop coefficient when canopy is complete but prior to 
senescence 
- No 
kcdcl  Decline of crop coefficient as a result of ageing, nitrogen 
deficiency 
%/day No 
evardc  Effect of canopy cover in reducing soil  No 
 evaporation in late season stage   
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Symbol Description  Units Calibrated? 
Biomass and yield production   
wp  Water productivity normalized for ETo and CO2  g/m² No 
hi  Reference harvest index (HI)  % Yes 
exc  Excess of potential fruits % No 
Water and temperature stress   
pexup  Upper threshold of soil water depletion limiting canopy 
expansion 
Fraction TAW No 
pexlw  Lower threshold of soil water depletion limiting canopy 
expansion 
Fraction TAW No 
pexshp  Shape factor for water stress limiting canopy - No 
 expansion (0.0 = straight line)   
psto  Upper threshold of soil water depletion limiting Fraction TAW No 
 stomatal conductance   
pstoshp  Shape factor for water stress limiting stomatal - No 
 conductance (0.0 = straight line)   
psen  Upper threshold of soil water depletion inducing Fraction TAW No 
 early canopy senescence   
psenshp  Shape factor for water stress inducing early - No 
 canopy senescence (0.0 = straight line)   
ppol  Upper threshold for soil water depletion for pollination 
limitation 
Fraction TAW No 
anaer  Anaerobic point below saturation limiting aeration  vol% No 
hipsflo  Possible increase of harvest index due to water % No 
 stress before flowering   
hipsveg  Coefficient for positive impact of restricted - No 
 vegetative growth during yield formation on HI   
hingsto  Coefficient for negative impact of stomatal closure - No 
 during yield formation on HI   
hinc  Allowable maximum increase of HI  % No 
polmn  Minimum air temperature limiting pollination  °C  No 
polmx  Maximum air temperature limiting pollination  °C  No 
stbio Minimum growing degrees required for full biomass 
production 
°C /day No 
 
For the calibrated parameters, the range were chosen ± 15% from the 
calibrated value, while for rest of the parameters, they were chosen based on 
literature review, such that the values of these parameters would be physically 
plausible or with absolute minimum and maximum values that delimited the 
parameter range in the model (Vanuytrecht et al., 2014). The range of the 
parameters used for the sensitivity analysis is presented in Table 4.10.  
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Table 4. 10: Range of the parameters used for the Sensitivity Analysis 
  Rice Wheat Maize Units 
CROP PARAMETERS 
Canopy and phenological development 
mat 98-132 117-127 90-100 days 
eme 5-7 5-7 6-9 days 
ccs 12-16 0.5-3.0 4.0-8.0 cm² 
den 272000-368000 1360000-1840000 76500-103500 - 
cgc 0.06-0.08 0.12-0.16 0.11-0.16 fraction day
-1
 
ccx 0.51-0.69 0.76-1.00 0.64-0.86 fraction of 1 
sen 81-109 80-100 61-83 days 
cdc 0.079-0.110 0.061-0.082 0.09-0.13 fraction day
-1
 
hilen 18-24 33-45 13-19 days 
flo 65-88 56-76 52-70 days 
flolen 13-17 15-20 11-15 days 
Root 
development     root 54-72 65-87 52-70 days 
rtx 0.4-0.6 0.5-0.7 0.8-1.2 m 
rtshp 10-50 10-50 10-50 - 
rtexup 0.045-0.050 0.06-0.08 0.020-0.030 m³ m
-
³ soil d
-1
 
rtexlo 0.010-0.014 0.016-0.022 0.005-0.010 m³ m
-
³ soil d
-1
 
Transpiration 
kc 1.05-1.15 1.05-1.15 1.00-1.10 - 
kcdcl 0.1-0.5 0.1-0.5 0.1-0.5 % d
-1
 
evardc 30-70 30-70 30-70  
Production  
wp 15-20 15-20 30-35 g m
-
² 
hi 35-47 28-38 25-33 % 
exc 20-300 20-300 20-300 % 
Water and temperature stresses 
pexup 0.00-0.20 0.10-0.30 0.10-0.30 fraction TAW 
pexlo 0.30-0.50 0.55-0.80 0.55-0.80 fraction TAW 
pexshp 0-6 0-6 0-6 - 
psto 0.40-0.60 0.50-0.80 0.50-0.80 fraction TAW 
pstoshp 0-6 0-6 0-6 - 
psen 0.45-0.60 0.60-0.85 0.60-0.80 fraction TAW 
psenshp 0-6 0-6 0-6 - 
ppol 0.70-0.85 0.70-0.95 0.70-0.95 fraction TAW 
anaer 0 0-10 0-10 vol% 
hipsflo 0-10 0-10 0-10 % 
hipsveg 0.5-10.0 0.5-10.0 0.5-10.0 - 
hingsto 1-20 1-20 1-20 -  
hinc 15-35 15-35 15-35 % 
polmn 2-10 2-10 2-10 °C 
polmx 30-40 30-40 30-40 °C 
stbio 7-12 2-12 6-15 °C day
-1
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4.4.2 Results and discussions  
For this analysis, the threshold value of µ*= 0.25 t/ha is considered to 
distinguish between the influential and non-influential parameters. The results 
obtained from Morris analysis are presented in Figures 4.16 (a-c).  
 
         (a)                                                                               (b) 
 
      (c) 
Figure 4. 16: Average Morris mean effects (µ*) and standard deviation (σ) for (a) rice (b) wheat 
and (c) maize. Parameter abbreviations are presented in Table 4.9 
Among the calibrated parameters for rice, Figure 4.16 (a) shows that the 
parameters describing the root (rtx), canopy development and production 
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(cdc) and crop phenological development and production (mat, hi and flo) are 
ranked respectively from most to least influential with µ* ranging from 1.4 to 
0.27 t/ha. The high σ values for these parameters indicates the non-linearity 
and hence interaction between the parameters. Among the non-calibrated 
parameters describing the shape of the one of the crop response function to 
water response (psenshp) was most influential followed by  parameters 
describing crop responses to the water stress (psen, psto) in addition to wp, kc 
and polmx respectively.  
Similarly for wheat (Figure 4.16 b), the calibrated parameters describing the 
root (rtx), crop phenological development and production (sen, hi, mat, flo) 
and canopy development (cdc, ccx) among the calibrated parameters are 
ranked respectively from most to least influential with µ* ranging from 0.62 to 
0.29 t/ha. All the parameters except hi showed high σ values indicating the 
non-linearity and hence interaction between the parameters. Among the non-
calibrated parameters, parameters describing crop responses to the water 
stress (pstom, psen) were among most influential followed closely by psenshp, 
stbio, wp, hingsto, rtshp and hiday.  
For maize (Figure 4.16 c), the calibrated parameters describing the canopy 
development and production (cgc, hi, ccx), phenological development(sen, 
mat) and root (rtx), cdc, ccs and flo among the calibrated parameters are 
ranked  respectively from most to least influential with µ* ranging from 0.79 to 
0.25 t/ha. Except ccx, hi and flo, rest of the parameters shows high σ values 
indicating the non-linearity and hence interaction between the parameters. 
Among the non-calibrated parameters, rtshp had the highest influence 
followed by parameters describing crop responses to the water stress (psen, 
pexlo) followed by pexshp, hiday and kc.  
The categorization of the influential parameters can help to differentiate 
between the important and non-important parameters during the calibration, 
however, high interaction between the parameters shows that there is 
probability that combination of wrong parameters can also lead to good fit of 
the final yield simulations to field observed yields. To avoid this discrepancy, 
the intermediate simulated crop and soil water content data throughout the 
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season should be checked with field observations in the calibration and 
validation of the AquaCrop model.   
The parameters describing the soil water depletion levels for induction of 
water stress were often among the influential parameters showing the 
sensitivity of the AquaCrop model to the plant water interactions. In line with 
findings of Vanuytrecht (2014), the influence of the different root parameters, 
shape factors for the crop responses to water stress, and the parameters 
describing crop responses to water stress (with high non-linearity) shows the 
interplay between different mechanisms in plant and soil in response to water 
deficits.  
The high sensitivity of the model to the root parameters can be regarded as a 
vulnerability of the model, as these parameters are difficult to observe in the 
field. However, the observation of the soil water content throughout the 
season and measurements of the maximum rooting depths at the start of crop 
senescence can be beneficial in successful calibration of the model.  
4.5 Conclusions 
The fine-tuning of the crop parameters for rice, wheat and maize in AquaCrop 
was done successfully for local conditions in Terai (Chitwan). The crop 
parameters were fine-tuned for local varieties’ characteristics and different 
fertility levels. The calibrated model is able to simulate accurate soil water 
content, canopy development, dry aboveground biomass and grain yield of 
rice, wheat and maize in fertility stressed and non-stressed fields.   
The fine-tuned crop parameters were used to validate AquaCrop for different 
water and fertilizer treatments. The AquaCrop was able to simulate accurately 
the effect of the different soil fertility levels on biomass production and 
ultimately crop yield for different water management (rainfed and irrigated) 
and various climatic conditions. The simulated grain yield consistently matched 
the observations. 
The sensitivity analysis of the AquaCrop shows the ability of the model to show 
the interaction between plant and water. However, the high interaction 
between the different parameters shows the vulnerability of calibrating wrong 
combination of parameters to simulate the final yield. This should be avoided 
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by meticulously checking the simulated crop and soil water data throughout 
the season with observed data. The high sensitivity of the model toward the 
root parameters means that these parameters should be calibrated very 
carefully.   
The calibration and validation were done by comparing observed and 
simulated data throughout the season for this research. The ability of the 
AquaCrop to consistently simulate the crop aboveground biomass and grain 
yield for different conditions will be used to develop management strategies 
for different fertility and environmental conditions in Chapter 6. 
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Chapter 5: Regional analysis 
5.1 Introduction 
AquaCrop model requires the crop pattern, crop sowing date, fertility levels, 
irrigation practices as well as soil and climate characteristics of the region to 
simulate the crop yields. 
Discrete management zones of crop are often created from the survey data in 
the region (Godard et al., 2008; Janssen et al., 2009; Zander et al., 2009). The 
average management variables from the discrete zone are often used to 
simulate regional crop yield (Salvi et al., 2012).  
For modeling soil water balance in AquaCrop, soil physical characteristics to 
determine soil water content in root zone is needed. Different methods are 
available to determine the soil physical characteristics however choice of 
method will depend on ease of use and availability of resources.  
 
Figure 5. 1: In and output processes in the soil at root zone of the crop (Allen et al., 1998). 
Crop extracts the water from the soil, which act as a reservoir. The amount of 
water that can be stored in the soil is determined by many factors such as the 
soil pore volume, the size and distribution of its particles. The reservoir in soil 
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can be filled by rainfall or irrigation. Water is removed from this reservoir in 
several ways such as extraction by the crop for transpiration, evaporation from 
soil surface, and percolation to deeper groundwater tables. The transpiration 
by crop depends on the soil water content. The crop transpiration is reduced 
when sufficient water is no longer available in soil reservoir. The different 
fluxes, which recharge and discharge the soil water reservoir, are presented in 
Figure 5.1. 
The stacking of the soil particles is determined by the distribution of particle 
sizes, which affects the volume of pores between them. When the soil 
reservoir replenished, the soil is at field capacity (FC) and plants can easily 
extract water from it. When water is added above this level, gravitational 
forces will drain water to underlying groundwater table. As the water level 
drops below FC, matrix forces bind water strongly to the particles and the 
suction, which the crop must apply to extract water increases. When water 
level drops to permanent wilting point (PWP), matrix forces will be so high that 
the crop cannot extract any water anymore resulting in crop senescence. The 
amount of water, which is between field capacity and permanent wilting point, 
also called Total Available soil Water (TAW), determines the volume of water 
available for crops. Saxton and Rawls (2006) suggested some indicative values 
for the soil water content at specific matric potentials of various soil textural 
classes (Table 5.1).  
Table 5. 1: Indicative soil water contents for different soil textural classes (Saxton and Rawls, 
2006). 
 
The methods to measure the soil physical characteristics are complex and 
expensive when large numbers of sample points need to be analyzed. To 
overcome this problem, pedo transfer functions (PTF) were developed. PTF try 
to derive soil hydraulic properties from easily measured soil properties such as 
 Matric Potential Sand Sandy Loam Loam Clay Loam Clay 
 kPa pF Soil Water content (m³.m-³)  
Saturation (θsat) 0.0 kPa pF 0 0.46 0.45 0.46 0.47 0.49 
Field capacity (θFC) -10.0 kPa 
-33.3 kPa 
pF 2 
pF 2.5 
0.09 0.18 0.27 0.35 0.42 
Permanent Wilting Point (θWP) -1500.0 kPa pF 4.2 0.05 0.08 0.13 0.21 0.30 
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texture particle size distribution, organic matter content and bulk density 
(Mdemu and Mulengera, 2012). These PTFs are mostly developed through 
multiple regression analysis or neural networks analysis based on large soil 
databases and are extensively calibrated with good results (Tomasella and 
Hodnett, 2002). However, regardless of methodology used to develop it, any 
PTF is likely to give less accurate or possibly even very poor predictions if used 
outside the range of soils from which data were derived (Tomasella and 
Hodnett, 2002). Hence, an assessment should be made before applying PTFs in 
the local soils.  
The climatic characteristics of the region play an important role for the crop 
growth. The influx in soil reservoir (Figure 5.1) by the rainfall and extraction by 
the crop for transpiration and soil evaporation is determined by climatic 
characteristic. The variability of the climate within the region can be 
characterized by comparing the climatic data recorded at the stations in the 
region. Depending upon the variability of the climate, the numbers of weather 
stations can be determined to represent the climate of the region.  
5.2 Materials and methods 
5.2.1 Farmer survey 
A farmer survey of 166 households as representative of 60175 household in 
region was carried out in Chitwan to determine the management strategies 
used by farmers in the region. The objective of the survey was to gather the 
information at the household level about the cropping strategy, sowing date, 
factors affecting the yield, irrigation practices, and fertilizer application for the 
grain crops in the region. This information is used in the simulations with 
AquaCrop to analyze the effect on yield of the current farming practices in the 
region and to propose possible improvements in farming strategies to increase 
and stabilize the grain yield and improve the water use efficiency. 
The household survey was performed in the areas where farming was 
predominant. The households were selected by randomly visiting the 
households all over the survey area. Every participant was asked the same 
questions (questionnaire presented in Annex I). The coordinates of households 
where the survey was conducted were tracked with GPS unit during the survey 
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The distribution of the selected farmer households in the Chitwan region is 
shown in Figure 5.2. The survey data was analyzed with Microsoft Excel and 
IBM SPSS (Statistical Package for Social Scientists). The average values were 
calculated to represent the results unless otherwise mentioned. The 
percentage of users with respect to the total number of correspondents (i.e. 
166) are mentioned when needed.  
 
Figure 5. 2: Locations of 166 farmer households (circles) where farmer Household survey was 
conducted. 
 
5.2.2 Soil survey and analysis 
5.2.2.1 Soil survey 
Between 2002 to 2012, the ministry of land reform and management of the 
government of Nepal has surveyed and generated sets of soil maps on Village 
Development Committee (VDC) level in Chitwan district through National Land 
Use Project (NLUP). Some of the VDC soil maps created by NLUP of Chitwan 
district were incomplete or insufficiently documented. The soil maps which 
had the complete data are shown in Figure 5.3 (Top). In order to complete the 
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soil maps, soil sampling survey was carried out in the regions, where the 
documented soil data was incomplete, for 157 stratified sample points in the 
framework of MSc thesis of De Decker (2013). The samples were stratified 
based on the soil classification done by NLUP in the area before. The number 
of soil samples for each soil type in the surveyed area were based on the 
percentage of the soil type represented in the soil map developed by NLUP. In 
addition to this, 15 random undisturbed soil samples were also taken for 
analysis in Belgian research facility.  
 
Figure 5. 3: (Top) Soil textural maps for Chitwan district developed by NLUP (Bottom) Location 
of sample points: 20 points in West Chitwan, 59 in East Chitwan, 81 in South Chitwan (Madi 
valley) (Source: De Decker, 2013). 
 
5.2.2.2 Soil analysis 
For all 157-soil samples, bulk density was measured with undisturbed Kopecky 
ring method, texture with hydrometer method, and soil organic content with 
the loss-on-ignition method. The extra 15 control samples were analyzed in the 
same way and in addition to this, were analyzed in Belgium research facilities 
for texture using the laser diffraction method and wet sieve-pipette method 
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and for retention characteristics using hanging water column and pressure 
plate method.  
The bulk density of the soil is the weight of the particles, divided by the total 
volume of the soil unit. 
       
  
 
                                             (Eq. 5.1) 
Where: 
    =  Bulk density (g/cm³) 
Mp  =  Mass of dried solid soil particles inside Kopecky ring(g) 
v     =  Total soil volume, i.e. inner volume of Kopecky ring (cm³) 
The undisturbed soil samples were dried in hot-air oven at 105°C for two to 
three nights. The weight of samples were taken after it was oven dried and the 
weight of Kopecky ring was subtracted from it to determine the mass of dried 
solid soil particles. The net dried solid soil sample weight was then divided by 
inner volume of the Kopecky ring to determine the bulk density.  
 
Table 5. 2: Soil particle size classes (Brouwer, 1985) 
Size class name 
Lower diameter 
limit (µm) 
Upper diameter 
limit (µm) 
Gravel > 100 µm 
Sand 50 µm 100 µm 
Silt 2 µm 50 µm 
Clay < 2 µm 
 
The soil textural class is determined by the relative distribution of the soil 
particles over different particle sizes, for e.g., fine-textured soils are clay soils, 
coarse-textured soils are sandy soils. Four main particle sizes classes are 
described in Table 5.2.  
Different methods are used to determine the relative proportions of the 
different particle size classes in soil namely analysis by sieving, pipette method, 
gravitational sedimentation, hydrometer method and laser diffraction method. 
The 157 soil samples taken in field were analyzed using only the hydrometer 
due to absence of other means of textural analysis in Chitwan research 
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facilities. The 15 control samples were analyzed with three different methods 
in order to assess the accuracy of the procedure.  
The soil texture of 157 samples were determined using hydrometer method. In 
this method, the sample is prepared by adding 20 ml of 10% sodium 
hexametaphosphate solution to 100 g of air dried grinded soil. The sodium 
hexametaphosphate, acting as a diverging agent, break up all the soil 
aggregates into separate soil particles. After standing overnight, the 
suspension is mixed for 10 minutes with standard mixer, and water is added up 
to 1 l in a sedimentation cylinder. The hydrometer method, which is based on 
Stoke’s law, relates settling velocity of a spherical particle with its diameter in 
Eq. 5.2 (Gee & Or, 2002):  
                      
                  
   
                                        (Eq.  5.2) 
Where: 
g  = Gravitational acceleration (m∙s-2) 
ρp  = Particle density (g∙cm-³) 
ρl    = Density of water(g∙cm-3) 
d  = Particle diameter (cm) 
μ  = Dynamic viscosity of water (Pa∙s) 
 
A hydrometer, which is a calibrated glass device that floats according to the 
Archimedes force, is used to measure the density of the suspension. After 
stirring the suspension, first reading is taken at 40 seconds. It is considered 
that all particles with a diameter larger than 50 µm is assumed to have settled 
at that time. A second reading is made after 3 hours, which indicates the 
amount of clay particles in suspension. It is assumed that all soil particles with 
diameter larger than 2 µm have settled at this point. A correction for 
temperature should be made by subtracting 0.3 g/l for each degree higher 
than 20 °C when calculating the relative proportions of sand, silt and clay in the 
soil sample.  
A laser beam passes the dispersed sample in laser-diffraction method. Each 
particle size will scatter the light at a different angle, with small particles 
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scattering at higher angles, and big particles scattering at low angles. The 
intensity of the angular scattering can be used to estimate the distribution of 
the particles over the different particle size classes. 
Wet sieve – pipette method is much more time-consuming, but highly accurate 
method. In this method the sand fraction of the sample can be measured by 
wet sieving, after removal of soil organic matter and carbonates. Using a 
pipette sampler, silt and clay fractions can be separated based on settling 
velocity after removal of the sand fraction. 
 
Figure 5. 4: Soil textural diagram showing the percentages of sand, silt and clay in the textural 
classes (Staff, 1993) 
By measuring the relative proportions of the particle size classes, the soil 
textural class of the sample can be determined by using the soil textural 
triangle of USDA (Staff, 1993), as shown in Figure 5.4.  
Soil organic matter content can be measured by different methods (Schulte, 
1995). Most methods are based on heating of the soil sample and calculating 
the amount of organic matter which was oxidized in the process. This can be 
done by measuring the amount of CO2, which formed after burning, or by 
measuring the weight reduction of the sample. Errors are produced when 
constituents other than organic materials were volatilized simultaneously. 
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Soil organic matter was measured by Loss-on-Ignition (Salehi et al., 2011) for 
all of the samples taken in the Chitwan district. All samples are air-dried and 
sieved by a 2 mm-sieve, then oven-dried at 105°C in this method. After drying, 
2 g of sample is transferred to a porcelain crucible, and was put in a muffle-
furnace at 400 °C for four continuous hours. The sample was then cooled in a 
desiccator, to remove the water resulting from combustion of the organic 
matter. The weight reduction of the sample is then measured accurately. This 
method is used as estimation of the soil organic matter only. A regression 
should be made on a set of calibration samples, from which the SOM was 
derived using the more accurate Walkley-Black method (Schulte, 1995) to 
derive more accurate results. Due to unavailability of this method in Nepal, 
only the indicative values of the loss-on-Ignition method were determined. 
Soil water retention can be measured by measuring the water content of 
sample at different soil matric potential. As for our purpose, only water 
contents for saturation point, field capacity and permanent wilting point are 
needed, so only these three values were measured on the 15 control samples 
in Belgium Lab Facility.  
The method of the hanging water column is used for small suction levels, 
between 0 and -150 cm (0 kPa) and -14.7 kPa (Kabat et al., 1994). In this 
suction range, the pore-size distribution of the sample has a large influence on 
the water retention properties, so undisturbed samples in Kopecky rings 
should be used. The undisturbed sample is placed on a saturated porous 
medium, which is then connected to a hanging water column. A certain suction 
level can be applied by lowering the water column to a certain level below the 
sample. The sample is kept in position for some days for equilibrium after 
which the sample is weighed before and after drying at 105°C, and soil water 
content is calculated, using the bulk density, as shown in Eq. 5.3: 
     
      
  
    (Eq. 5.3) 
Where: 
ψ  = Matric potential (Pa, pF) 
θψ  = Soil water content at specific matric potential ψ (cm³∙ cm-3) 
Mw = Mass of water in soil unit at specified matric potential (g) 
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     =  Bulk density (g/cm³) 
Mp   =  Mass of dried solid soil particles inside Kopecky ring(g) 
Water content at Field Capacity (level 1 - pF 2.0, or -100 cm) was measured 
using the hanging water column method. 
A pressure plate is used  for suction levels higher than -150 cm (Kabat et al., 
1994). The undisturbed sample for suctions lower than -3000 cm and disturbed 
sample for suctions between -3000 and -15000 cm is placed on a saturated 
ceramic plate, inside a chamber. This ceramic plate is connected with a tube to 
the air outside of the chamber at atmospheric pressure. A certain pressure is 
applied to the chamber, and water inside of the sample and the ceramic plate 
is pushed out of the chamber through the connecting tube. After equilibrium is 
reached, the water content at the applied suction is calculated again using 
equation 5.3. Water content at Permanent Wilting Point (pf 4.2, or -15000 cm) 
is measured on disturbed samples. 
While measuring the retention characteristics of the control samples, it was 
noticed that many of the sample Kopecky rings were not 100 percent filled 
with undisturbed soil. In order to measure bulk density of the samples, 
necessary for the calculation of the retention characteristics, the rings were 
filled to the rim with very fine sand with known bulk density. The missing 
volume fraction of the Kopecky rings could be estimated with this method. 
The widely used model of Saxton and Rawls (2006) was tested for this case of 
alluvial Chitwan soils as a first pedotransfer function. This model is based on an 
extensive USDA soil database of 4000 soil samples. Saxton and Rawls (2006) 
had described three single-value pedotransfer functions. Single-value PTFs 
predict only the water content at specific matric potentials and other PTFs will 
estimate the parameters of the van Genuchten equation to develop the full 
retention curve (van Genuchten, 1980). 
The function developed by Tomasella and Hodnett (1998) based entirely on 
tropical Brazilian soils was used as second pedotransfer function. This method 
estimates the parameters of the Brooks and Corey (1964) equation meaning 
that the full retention curve can be constructed.  
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The third pedotransfer function used is the function developed by Adhikary et 
al. (2008) derived from an extensive soil database with soils of all regions of 
India, including soils of the Indian Terai region, similar to the Nepalese Terai 
region. Based on multiple linear regressions on easily obtainable data, 
Adhikary et al. (2008) developed several single-value functions. All of the used 
parameter sets are described in Table 5.3. 
Table 5. 3: Parameters for the three pedotransfer functions which were used in the 
comparison. 
Parameters Equation 
Saxton and Rawls (2006) 
θWP θWP = θWPt + 0.14*θWPt - 0.02 
θFC     θFC = θFCt + 1.283*θFCt
2
 - 0.374*θFCt - 0.015 
θsat θS = θFC + θ (sat-FC) - 0.097*S + 0.043 
θWPt θWPt = -0.024*S + 0.487*C + 0.006*SOM + 0.005(S*SOM) - 0.013(C*SOM) + 0.068(S*C) + 0.031 
θFCt θFCt = -0.251*S + 0.195*C + 0.011*SOM + 0.006(S*SOM) - 0.027(C*SOM) + 0.452(S*C) + 0.299 
θ(sat-FC) θ (sat-FC) = θ (sat-FC)t + 0.636*θ (sat-FC)t - 0.107 
θ(sat-FC)t θ (sat-FC)t = 0.278*S + 0.034*C + 0.022*SOM - 0.018(S*SOM) - 0.027(C*SOM) - 0.584(S*C) + 0.078 
Tomasella and Hodnett (1998) 
ψB ψB = 0.285 + 7.33e
-4 *Si² -1.3e-4(Si*C) + 3.6e-6 (Si²*C) 
B B = exp (1.197 + 4.17e
-3 *Si – 4.5e-3 *C + 8.94e-4(Si*C) -1.00e-5(Si²*C)) 
θs θsat = 40.61 + 0.165 *Si + 0.162 *C + 1.37e
-3 *Si² + 1.8e-5(Si²*C) 
θr θr = -2.094 + 0.047*Si + 0.431*C – 8.27e
-3(Si*C) 
Adhikary et al. (2008) 
θFC - 2.0 θFC – 2.0 = 62.5 – 0.58*S - 0.21*Si 
θFC - 2.5 θFC – 2.5 = 56.37 – 0.51*S – 0.51*Si 
θWP θWP = 0.71 + 0.44*C 
Where,  
θWP = Volumetric soil water content at Permanent Wilting Point (m
3∙m-3), 
θFC = Volumetric soil water content at Field Capacity (m
3∙m-3), 
θsat = Volumetric soil water content at Saturation (m
3∙m-3), 
θWPt = Volumetric soil water content at Permanent Wilting Point, first solution (m
3∙m-3), 
θFCt = Volumetric soil water content at Field Capacity, first solution (m
3∙m-3), 
θ(sat-FC) = θsat-θFC (m
3∙m-3), 
θ(sat-FC)t = θsat-θFC, first solution (m
3∙m-3), 
S = Mass percentage sand content (wt%), 
C = Mass percentage clay content (wt%), 
SOM = Gravimetric percentage soil organic matter content (wt%), 
ψB = Matric potential corresponding to the largest pore size (air entry pressure) (kPa).  
1/B = an empirical constant known as the pore-size distribution index.  
θs = Saturated soil water content (cm
3∙cm-3) 
θr  = Residual soil water content (cm
3∙cm-3) 
Si = Mass percentage silt content (wt%), 
θFC -2.0 = Volumetric soil water content at Field Capacity, pF 2.0 (m
3∙m-3), 
θFC -2.5 = Volumetric soil water content at Field Capacity, pF 2.5 (m
3∙m-3). 
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5.2.3 Spatial climate variability 
According to World Meteorological Organization (WMO), the minimum density 
for precipitation measuring stations in mountainous region is one in 250 km² 
(WMO, 1994). Within the total area of 423 km² of Chitwan, two meteorological 
stations namely Rampur and Jhawani stations, are located which is within the 
minimum density of guidelines by WMO. The daily observed rainfall, minimum 
and maximum temperature and relative humidity for the period of 1981-2011 
for Rampur station and daily observed rainfall data from years 1957-2010 for 
Jhawani stations were obtained from Department of Meteorology, Babar 
Mahal. It was observed that 15.2% of Jhawani data was missing. Short-term 
irregular data set (2000-2010) was also available from the Bharatpur airport 
station in the region. The Bharatpur data consisted of rainfall, relative 
humidity, minimum and maximum temperatures.  
 
Figure 5. 5: Location of stations within Chitwan and 18 neighbouring stations outside Chitwan 
extracted from FAOCLIM2 database. The base layer of this image is an ASTER global DEM 
extracted from USGS database (Source: De Decker, 2013). 
Four different interpolation methods for rainfall are tested for the region. The 
interpolation was based on the data from neighboring 18 meteorological 
stations derived from the FAOCLIM2 database (FAO, 2001b). Due to the 
 Chapter 5: Regional analysis  
91 
 
limitation of the data availability the dataset could not be split into calibration 
and validation datasets. As validation is necessary for evaluation of prediction 
model, validation of the interpolation was checked with Leave-One-Out Cross-
Validation (LOO-CV) technique. In this method, interpolations are repeatedly 
performed and repeated each time with a different weather station missing 
from the sample points. The stations chosen to be left out of the interpolation 
will be the ones close to the actual study area. In this case, Rampur, Jhawani 
and Dumukauli stations were chosen to be left out each time. The interpolated 
data was checked with the actual values recorded and deviations were 
summarized in Coefficient of Variation of Root Mean Squared Deviation 
(CV(RMSD)) allowing objective comparison between different methods. CV 
(RMSD) is given as: 
 
O
n
PO
RMSDCV
n
i
ii



1
2
)(     (Eq. 5.4) 
 
where Oi and Pi are respectively the i
th observed and ith estimated values, n is 
number of values and O  is the mean observed value. The technique with 
lowest CV(RMSD) was chosen to generate rainfall surfaces for each month.  
Following four different interpolation methods were tested: (a) Inverse 
Distance Weighted Averaging (IDWA) (Hartkamp et al., 1999) (b) Thin Plate 
Spline (Hartkamp et al., 1999) (c) Ordinary Kriging (Ashraf et al., 1997) (d) 
Universal Kriging (Childs, 2004).   
The average 10-daily rainfall recorded in the three stations of the region was 
also compared by calculating coefficient of determination (R²) and CV(RMSD) 
to determine the variability. The reference evapotranspiration was calculated 
using FAO Penman Monteith method with ETo Calc (FAO, 2009) with the 
minimum- maximum temperatures and relative humidity recorded at 
Bharatpur and Rampur stations. The average 10-daily reference 
evapotranspiration per decade in both stations was also compared by 
calculating R² and CV(RMSD) to determine the variability.  
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5.3 Results and discussions 
5.3.1 Farmer survey 
General information about farming practices and conditions were asked to 
farmers in the first part of the questionnaire. Among the survey respondents, 
84 % of them had been involved in farming since as long as they can 
remember, 8 % for more than the last ten years, and the remaining 8 % since 
1-10 years. Average land holding in the area per household was around 0.60 
hectare comparable to 0.58 ha per household reported by CDDC (2005). 
Among the survey respondents, 53% had inherited their land, 37% had bought 
and 10% had hired their land. The cropping system was based on monsoon rice 
with all 166 respondents. About 30% of households grew wheat crop after rice, 
while the rest of households preferred to grow vegetable or pulses after 
monsoon rice. After wheat or vegetable/pulses, 73% of the households grew 
spring maize and 20% of the household preferred to grow spring rice, where 
irrigation was available. The result is comparable to the cropping pattern 
shown in the Figure 2.4. Nevertheless, farmers preferred to grow vegetable 
rather than leaving the land fallow after wheat.  
About 57% of the survey respondents chose to select fixed sowing dates for 
grain crops while rest preferred to wait for rainfall. Comparable to the 
cropping systems suggested by Timisina et al. (2011), the preferred average 
sowing dates for monsoon rice, winter wheat and spring maize was 2 July, 4 
December and 4 April respectively. In average, the respondents take 9 days for 
field preparation of monsoon rice and 7 days for winter wheat and spring 
maize. About 60-66% of the respondents use mechanical power for field 
preparation and 27-36% of respondents used hired labor while the remaining 
respondents used either family labor or animal power for field preparation.  
When asked about the factors affecting the grain crop yield, majority of the 
respondents chose less rainfall/water scarcity, followed by diseases and lack of 
fertilizers and seeds and rest chose other factors (Figure 5.6).  
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Figure 5. 6: Survey responses for factors affecting grain crop yields. 
Majority of the respondents noticed the decreasing trend in the soil fertility. 
When asked about the reasons of soil fertility loss, majority of them indicated 
unscientific use of chemical fertilizer, followed by continuous farming and 
lesser use of organic fertilizer and rest chose other as main reasons for 
decrease in soil fertility (Figure 5.7). The imbalanced use of chemical fertilizers 
has been seemed as the cause of yield declines in farmers’ field in these 
regions. The use of only nitrogen and phosphorus dominant fertilizer without 
balancing them with other micronutrients such as Phosphorus, Potassium, 
Sulphur and Zinc has been deemed as major cause for decreasing fertility in 
the Indo-Gangetic plains (Ladha et al., 2003; Alam et al., 2006).  
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Figure 5. 7: Survey responses for factors causing soil fertility loss. 
The average maximum achieved grain yield reported by the survey 
respondents for irrigated and rainfed crops was compared with the yield 
reported by MOAC (2010a) and is presented in the Table 5.4.  
Table 5. 4: Farmer’s yield from farmer survey compared with regional yield reported by MOAC 
(2010a).  
 
Grain Yield (t/ha) 
Crop Surveyed MOAC (2010a) 
Monsoon Rice 3.4 3.1 
Winter Wheat     
Irrigated 2.5 
2.6 
Rainfed 2.2
1
 
Spring Maize     
Irrigated 2.1 
2.6 
Rainfed 1.7
1
 
1Maximum attainable yield in good rainy years. 
 
As it can be seen from Table 5.4 the survey results show similar yields as 
reported by MOAC (2010a). It should be noted that the rainfed yield reported 
Unscientific use of 
chemical fertilizers
70%
Continuous Farming
14%
Sedimentation
1%
Repetation of same crop
3%
Lesser use of 
organic fertilizer
12%
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by farmers were based on good rainy years where maximal rainfed yield are 
achieved. The survey respondents reported failure of rainfed maize in dryer 
years (no yields). The surveyed yield for maize seems lower than the reported 
yield by MOAC (2010a); however, the yield reported by MOAC takes into 
account the monsoon maize grown in hilly areas, which might have increased 
the estimated yield.  
When asked if respondents had noticed a change in yield in the last 10 years 
for grain crops, 77% of the respondents cited an increase in monsoon rice 
yield, 26.1% cited an increase in winter wheat and 62% cited an increase in 
maize yield. While the majority of farmers felt the decrease in the fertility and 
in contrary the increase in yield, the increase in yield might be due to 
introduction of new varieties of the grain crops that performed better than the 
older local varieties.  
Different researches have indicated that the low fertilizer use was one of main 
reasons in Nepal for low yields of the grain crops (Yadav and Peterson, 1993; 
Gami et al., 2001; Timsina and Conner, 2001; Paudyal et al., 2001; Regmi et al., 
2002; Thakur et al., 2008). To determine the fertilizer use by farmers in the 
region, data about fertilizer application were collected and presented with 
respect to National Recommended Fertilizer Dose (NRFD).  
The amount of fertilizer application used with respect to NRFD and cumulative 
percentage of users using various fertilizers for monsoon rice, winter wheat 
and spring maize  is presented in Figure 5.8 (a-e), Figure 5.9 (a-d) and Figure 
5.10 (a-d) respectively.  
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                               (a)                                                                       (b) 
 
 
           (c)                                                    (d) 
 
        (e) 
Figure 5. 8: Cumulative User percentage versus the fertilizer use in monsoon rice with respect 
to NRFD for (a) Farm Yard Manure (FYM) (b) Urea (c) Diammonium Phosphate (DAP) (d) 
Murate Potash (Murate K) (e) Zinc Sulphate (ZnSO4). Straight line are for the irrigating 
respondents and dashed line for non irrigating respondents.  
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 (a)                                                     (b) 
 
                                                (c)                                                                                                 (d) 
Figure 5. 9: Cumulative User percentage versus the fertilizer use in winter wheat with respect 
to NRFD for (a) Farm Yard Manure (FYM) (b) Urea (c) Diammonium Phosphate (DAP) (d) 
Murate Potash (Murate K). Straight line are for the irrigating respondents and dashed line for 
non irrigating respondents. 
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                                                 (a)                                                            (b) 
 
      (c)                                                               (d) 
Figure 5. 10: Cumulative User percentage versus the fertilizer use in spring maize with respect 
to NRFD for (a) Farm Yard Manure (FYM) (b) Urea (c) Diammonium Phosphate (DAP) (d) 
Murate Potash (Murate K). Straight line are for the irrigating respondents and dashed line for 
non irrigating respondents. 
Survey results showed that irrigating respondents used higher rate of Farm 
Yard Manure (FYM), Urea and Diammonium Phosphate (DAP) while, non-
irrigating respondents used higher rate of Murate Potash (Murate K) and Zinc 
Sulphate (ZnSO4) for monsoon rice. However, for winter wheat and spring 
maize, the use of chemical fertilizer was always higher for irrigating 
respondents. The use of FYM was higher for non-irrigating respondents for 
winter wheat, but irrigating respondents tended to use more FYM for spring 
maize. A higher percentage of irrigating respondents tends to use more 
chemical fertilizers than the non-irrigating respondents. It should be noted 
that the majority of the fertilizer use was  below the NRFD and the farmers 
tried to use at least one type of fertilizer for each crop as suggested by CDDC 
(2005) and Gairhe (2003). Comparable to the study done by Gairhe (2003), it 
was observed that higher percentage of respondents tend to use higher 
amount of Nitrogen supplementing fertilizers for grain crops compared to 
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other fertilizers. In average, farmers used around 50% of NRFD for monsoon 
rice, around 40% of NRFD for irrigated winter wheat and 20% NRFD for rainfed 
winter wheat, and 20% NRFD for spring maize. 
Majority of the respondents indicated unavailability as major reason for not 
applying NRFD of organic fertilizers followed by high cost (Figure 5.11a). 
Similarly, they indicated negative effect from inorganic fertilizers followed by 
high cost and unavailability as major factors for not applying NRFD of inorganic 
fertilizers (Figure 5.11b). The negative effect of inorganic fertilizers mentioned 
by the farmers might be due to imbalanced use of the chemical fertilizer that 
limits the efficiency of the nitrogen usage, thus causing negative impacts on 
yield (Alam et al., 2006).  
 
Figure 5. 11: Respondents response for factors for not applying NRFD of (a) organic fertilizers 
(b) inorganic fertilizers. 
Majority of the survey respondents (78%) controlled the crop diseases 
chemically followed by removing the affected plant (2%) and by controlling it 
organically (1%). The remaining 19% of respondents did nothing to control the 
crop diseases. When asked about effect of their remedies, 68%, 18% and 14% 
of respondents answered that the effects were positive, none and negative 
respectively.  
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For the control of insect’s infestations, majority of respondents (68%) applied 
chemical remedies followed by application of organic remedies (3%), while the 
remaining 28% respondents did nothing. When asked about effect of their 
remedies, 66%, 26% and 8% of respondents answered that the effects were 
positive, none and negative respectively. 
For control of weeds, all respondents used manual weeding for controlling 
weeds, and all respondents answered the effects of control were positive.  
 
Figure 5. 12: Percentage of rice growing respondents farming on irrigated and rainfed plots. 
The pie chart on the right shows the percentage of irrigation users using different sources for 
irrigation; the number inside brackets denotes average maximum number of times irrigation is 
applied.  
Majority of the survey respondents irrigated rice during monsoon, while 
remaining respondents did not use any additional water source other than 
rainfall. Among the irrigation respondents, highest percentage depended on 
water supplied through canals for irrigation, followed by groundwater and 
river. CDDC (2005) has reported that 61% of area in Chitwan is irrigated in 
monsoon season, which is comparable to 58% reported by survey respondents 
if groundwater irrigation is excluded, which was not included in CDDC report. 
The respondents irrigating from canals and rivers tend to irrigate more 
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frequently than respondents irrigating with groundwater (Figure 5.12). All 
irrigating respondents irrigated their field by flooding the field.  
 
Figure 5. 13: Problems in irrigation for rice according to source of irrigation: (a) Canal (b) 
Groundwater (c) River. 
The problems in irrigation for rice varied according to the source of irrigation. 
Highest percentage of respondents using canal source chose water scarcity as 
a problem in irrigation followed by having no pump, high cost and other 
problems (Figure 5.13 a). For groundwater users, highest share of respondents 
considered high cost as the main problem followed by load shedding, having 
no pump and water scarcity (Figure 5.13 b). Respondents irrigating directly 
from river indicated sedimentation as major problem, followed by having no 
pump and high cost (Figure 5.13 c). The high cost for irrigation by groundwater 
might be due to high cost for fuel and hiring the pump as most of farmers 
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cannot afford to buy the pump themselves. The government provide subsidy 
on electricity for irrigation but the load shedding of electricity reaching 18 
hours per day in dry season causes major disruption.  
When the survey respondents were asked whether any action had been taken 
to overcome the problems in irrigation for rice, majority of them indicated 
nothing had been done, followed by irrigating only when crop might fail 
(Deficit irrigation), hiring pump to irrigate and others (Figure 5.14).  
 
Figure 5. 14: Different strategies used by respondents to overcome the problems in irrigation. 
Among the wheat-growing respondents, little more than half of respondents 
used supplemental irrigation, majority of them depending on groundwater 
followed by canal and river (Figure 5.15). The respondents using irrigation 
water from canal irrigated more frequently followed by groundwater and river 
water users. All irrigating respondents irrigated their field by flooding the field.  
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Figure 5. 15: Percentage of wheat growing respondents farming on irrigated and rainfed plots. 
The pie chart on the right shows the percentage of irrigation users using different sources for 
irrigation; the number inside brackets denotes average maximum number of times irrigation is 
applied.  
Majority of groundwater users for irrigation indicated high cost followed by 
load shedding, having no pump and others as major problems in irrigation 
(Figure 5.16 a). For canal users major problems in irrigation were high cost and 
water scarcity, whereas for respondents irrigating directly from river chose 
water scarcity as sole problem (Figure 5.16 b and c).  
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Figure 5. 16: Problems in irrigation for rice according to source of irrigation: (a) Groundwater 
(b) Canal (c) River. 
When the survey respondents were asked whether any action had been taken 
to overcome the problems in irrigation for wheat, majority of them indicated 
nothing has been done, followed by irrigating only when crop might fail (Deficit 
Irrigation) and hiring pump to irrigate (Figure 5.17).  
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Figure 5. 17: Different strategies used by respondents to overcome the problems in irrigation. 
Little more than the half of maize growing respondents irrigated their fields, 
with majority of irrigating respondent depending on groundwater and the 
remaining on water from canal (Figure 5.18).  
Among groundwater users, most of users chose high cost as a major problem 
in irrigation followed by load shedding , water scarcity, having no pump and 
others (Figure 5.19 a). While for irrigating respondents using canal water, 
water scarcity was the major and the only problem (Figure 5.19 b).  
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Figure 5. 18: Percentage of maize growing respondents farming on irrigated and rainfed plots. 
The pie chart on the right shows the percentage of irrigation users using different sources for 
irrigation; the number inside brackets denotes average maximum number of times irrigation is 
applied.  
 
 
Figure 5. 19: Problems in irrigation for rice according to source of irrigation: (a) Groundwater 
(b) Canal.  
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Majority of respondents did nothing to overcome the problems in irrigation, 
while rest used deficit irrigation strategies and hired pumps to irrigate to 
overcome the irrigation problems (Figure 5.20).  
 
Figure 5. 20: Different strategies used by respondents to overcome the problems in irrigation. 
Survey respondents were asked about the price they received for their crops 
and the price they paid for labor, hiring tractor and irrigation pump in 
2013.The average price respondents received for rice, wheat and maize were 
NRs. 19.80±0.94, 18.08±0.62 and 13.77±0.77 per kg respectively1. The average 
price for farm labor per day was NRs. 183±24 per day. Average hiring charge 
for tractor was NRs. 871±55 per hour and for irrigation pump NRs. 221±26 per 
hour.  
5.3.2 Soil survey and analysis 
5.3.2.1 Soil survey samples  
The summary of the soil sample analysis are shown in Table 5.5. The soil 
samples were classified according to the USDA soil textural triangle. 
  
                                                          
1 1 NRs. =0.01 US $ on 2 August 2013. 
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Table 5. 5: Summary of analysis results of the 157 samples taken in the Chitwan district 
(Source: De Decker, 2013). 
Variable Sand Silt Clay SOM Bulk density 
 wt %   wt % g∙cm
-3 
Mean 50.79 32.01 17.19 3.39 1.48 
Median 50.30 31.70 16.70 3.20 1.50 
Minimum 24.00 7.35 4.20 0.00 0.92 
Maximum 85.65 52.30 41.35 7.50 1.82 
SD 14.78  10.64 6.19 1.56 0.14 
 
 
 
Figure 5. 21: Textural triangle with soil samples of Chitwan (Source: De Decker, 2013). 
The characteristics of the soil samples by textural class are presented in Table 
5.6. The texture of the samples visualized in the soil textural triangle is 
presented in Figure 5.21.  
The majority of the soil had a textural class of sandy loam (69 of 157 samples) 
followed by loam (63 of 157 samples), comparable to earlier studies (Khatri-
Chhetri et al., 1987).  
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Table 5. 6: Soil sample characteristics by textural class, based on the hydrometer method 
(Source: De Decker, 2013). 
 # 
Samples 
Variable Sand Silt Clay      SOM Bulk 
density 
   wt % 
 
                                      
 wt % g∙cm
-3 
Sandy 
Loam 
69 Mean 63.77 23.21 13.03 3.12 1.50 
 Median 63.30 23.70 13.00 2.90 1.52 
 Minimum 50.30 10.70 7.30 0.10 1.10 
 Maximum 76.30 33.30 20.00 7.50 1.74 
  SD 6.37 5.08 3.21 1.50 0.10 
Loam 63 Mean 40.33 40.44 19.23 3.59 1.45 
  Median 41.00 40.15 18.85 3.40 1.49 
  Minimum 26.80 29.00 9.00 0.00 0.92 
  Maximum 50.30 49.00 27.20 7.00 1.73 
  SD 5.96 5.04 3.89 1.48 0.15 
Clay 
Loam 
10 Mean 31.31 39.13 29.57 4.10 1.50 
  Median 27.66 43.71 28.63 3.17 1.36 
  Minimum 21.00 32.70 27.70 0.20 1.22 
  Maximum 36.00 45.50 32.00 7.00 1.67 
  SD 4.13 4.27 1.56 2.21 0.15 
Silt 
Loam 
6 Mean 28.55 50.90 20.55 3.96 1.35 
  Median 26.50 50.40 23.10 4.20 1.35 
  Minimum 25.00 49.50 14.20 1.25 1.20 
  Maximum 36.30 52.3 23.70 6.00 1.52 
  SD 4.52 1.09 4.27 1.54 0.14 
Sandy 
Clay 
Loam 
5 Mean 55.68 21.70 22.62 3.46 1.63 
 Median 54.30 24.00 21.70 3.90 1.61 
 Minimum 50.30 13.50 21.00 1.35 1.44 
 Maximum 64.80 24.00 26.00 4.55 1.82 
  SD 5.47 4.59 1.98 1.24 0.15 
Loamy 
Sand 
3 Mean 81.13 13.57 5.30 1.55 1.38 
 Median 79.30 16.00 4.70 1.85 1.38 
 Minimum 78.45 7.35 4.20 0.80 1.17 
 Maximum 85.65 17.35 7.00 2.00 1.58 
  SD 3.93 5.43 1.49 0.07 0.21 
Clay 1 Value 27.30 31.35 41.35 4.50 1.73 
 
5.3.2.2 Control samples 
The texture analysis for the 15 control samples were done with three different 
methods. A comparison of the results between these three methods is shown 
in Table 5.7 and Figure 5.22 (a-c).  
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Table 5. 7: Comparison of textural analysis of 15 control samples, using:  a. Hydrometer 
method, b. Laser Diffraction Analysis, c. Wet Sieve – Pipette method (Source: De Decker, 
2013). 
 Hydrometer method      Laser Diffraction 
Analysis 
    Wet Sieve - Pipette 
Sample Sand Silt Clay Sand Silt Clay Sand Silt Clay 
 
 
                     
 wt %  
 
                   
 
 
                     
 wt %  
 
                   
 
 
                     
 wt %  
 
                   
 
1 40.60 46.85 12.55 26.66 68.09 5.24 44.86 42.28 12.86 
2 65.60 22.85 11.55 42.37 51.83 5.80 71.46 21.02 7.51 
3 25.60 51.00 23.40 15.28 76.84 7.87 19.43 62.70 17.87 
4 27.30 56.15 16.55 20.25 74.33 5.46 25.49 64.47 10.04 
5 57.60 27.70 14.70 22.78 70.50 6.72 38.73 53.16 8.11 
6 57.30 23.30 19.40 40.65 52.32 7.02 57.67 25.42 16.91 
7 46.10 37.20 16.70 25.90 65.50 8.62 59.41 30.00 10.59 
8 72.30 16.00 11.70 37.31 53.66 9.00 67.27 20.49 12.25 
9 73.45 12.85 13.70 26.83 64.48 8.69 63.95 20.90 15.15 
10 71.30 16.00 12.70 30.75 58.63 10.64 68.19 19.25 12.55 
11 70.60 12.85 16.55 40.06 50.89 9.04 73.18 15.01 11.81 
12 46.60 40.70 12.70 22.49 71.19 6.31 27.05 59.08 13.87 
13 57.30 30.15 12.55 40.31 54.80 4.89 64.48 26.32 9.19 
14 66.60 23.70 9.700 50.51 45.43 4.01 66.45 24.78 8.78 
15 58.30 25.15 16.55 35.58 57.19 7.20 63.71 23.30 12.99 
 
As observed from Figure 5.22 (a-c) and Table 5.7, the hydrometer and wet 
sieve-pipette method yield similar results in contrast with the laser diffraction 
method, which shows very high deviation from two other methods. The 
Coefficient of Variation of Root Mean Square Deviation (CV (RMSD)) between 
hydrometer and wet sieve- pipette method was 23.4% while it was 67.0% 
between hydrometer method and laser diffraction method. The Pearson 
correlation between hydrometer and wet sieve- pipette method was 93.4% 
while it was 37.4% between hydrometer method and laser diffraction method. 
The different results from the laser diffraction method might be due to lack of 
calibration of the instrument used. While the accuracy of this method is 
debated, some papers call for critical evaluation of this method for use (Eshel 
et al., 2004; Kippax, 2005). The wet sieve-pipette method is fully based on a 
physical separation of all particle size and thus can be considered most trustful 
method. However, due to the costlier equipment, which is not easily available 
and lot of time required for wet sieve-pipette analysis, hydrometer method 
can be taken as alternative method due to its higher Pearson correlation with 
former method.    
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                                                                                    (a) 
 
                                                                                   (b) 
   
                                                                                   (c) 
Figure 5. 22: Comparison of results obtained from textural analysis between (a) Wet sieve-
pipette and Hydrometer method and (b) Wet sieve-pipette and Laser Diffraction method and 
(c) Hydrometer and Laser Diffraction method.  
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It is assumed that, due to disturbance during transport and shrinkage, a 
systematic error is introduced when measuring the water content at saturation 
and field capacity. As wilting point is measured on disturbed soil sample 
material, there is no doubt about the accuracy of the wilting point 
measurements. The results are presented in Table 5.8.  
Table 5. 8: Soil characteristics of 15 control samples (Source: De Decker, 2013). 
Sample num. Bulk Density  θsat        θFC               θWP Soil textural class 
 g∙cm
-3  
                               
 vol %  
 
                         
  
1 1.46 51.86 42.50 6.90 Loam 
2 1.71 46.59 29.71 6.39 Sandy Loam 
3 1.29 73.00
 
54.76 11.62 Silty Loam 
4 1.21 59.21 36.80 6.78 Silty Loam 
5 1.28 58.25 41.84 9.43 Sandy Loam 
6 1.33 49.60 34.60 11.89 Sandy Loam 
7 1.58 46.48 31.95 11.15 Loam 
8 1.54 44.91 36.39 9.64 Sandy Loam 
9 1.32 56.71 44.97 12.61 Sandy Loam 
10 1.49 46.19 30.33 8.52 Sandy Loam 
11 1.33 46.66 26.65 8.65 Sandy Loam 
12 1.16 62.36 45.49 10.52 Loam 
13 1.36 55.56 29.95 6.07 Sandy Loam 
14 1.46 59.37 40.63 9.84 Sandy Loam 
15 1.30 51.77 34.49 12.85 Sandy Loam 
 
The soil water content at three matric potentials were also estimated using the 
three pedotransfer functions described in Table 5.3. These estimations are 
based on the texture of the soil samples determined using three different 
texture determination methods. These estimated values were compared with 
measured values for accuracy assessment of different PTFs. As it was assumed 
that, there is measuring error in saturation point and field capacity, only 
wilting point was used for the accuracy assessment. The CV (RMSD) of each of 
the method was calculated and presented in Table 5.9. The measured and 
estimated wilting point values are plotted against each other and presented in 
Figure 5.23.  
As observed from Table 5.9 and Figure 5.23, the estimation of retention 
characteristics based on texture determined by wet sieve-pipette method and 
estimated with the PTF of Saxton and Rawls (2006) yields lowest error of 
estimation. Although this is best method, its CV (RMSD) is still above 10% and 
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hence cannot be called a perfect fit. The estimation of retention characteristics 
based on texture determined by hydrometer method and estimated with the 
PTF of Saxton and Rawls (2006) shows second best results with slight increase 
in CV (RMSD) of 3.4%. The results indicate that the laser diffraction method 
gives completely different values of particle size distribution compared to 
other two methods that resulted in highest CV (RMSD) for determining wilting 
point using the pedotransfer functions (Table 5.9).  
 
 
Figure 5. 23: Comparison of texture determination-pedotransfer function estimation of wilting 
point with measured wilting points (Source: De Decker, 2013). 
 
Section III: Representative management strategies for the region 
114 
 
Table 5. 9: Measures of goodness of fit of permanent wilting point estimation by three 
pedotransfer functions (Source: De Decker, 2013). 
 
Tomasella and Hodnett 
(1998) 
Adhikary et al. 
(2008) 
Saxton and 
Rawls (2006) 
 CV(RMSD) (%) 
Hydrometer method 49.1  32.4  27.2  
Laser Diffraction Analysis 73.9  63.3  36.5  
Wet Sieve – Pipette method 49.2  41.0  23.8  
 
Since PTFs with texture values given by hydrometer method was second best 
procedure for soil physical characteristics, it was selected to be used for 
determining soil physical characteristics. However it should be noted that this 
method shows CV(RMSD) of 27% to determine the wilting point, which is a 
high error margin. As other data are not available to estimate the soil physical 
characteristics in the region and due to ease of PTFs, this method was used to 
determine representative soil physical characteristics in the region.  
5.3.3 Spatial climate variability 
An example (annual rainfall) of the interpolated rainfall surface with four 
different techniques is  presented in Figure 5.24 (a-d).  The analytical results of 
the comparison between different interpolation methods for rainfall data in 
Chitwan district are summarized in Table 5.10.  
It was observed from Table 5.10 that the Universal Kriging method has the 
lowest value in average CV (RMSD). The visual inspection of the map obtained 
from different interpolation methods (Figure 5.24 (a-d)) showed little variation 
in the rainfall in the region. However, as only 18 stations were used for the 
interpolation, with most of the stations far away from the region, the analysis 
of variability cannot be based only on the interpolated maps.  
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Figure 5. 24: Interpolated rainfall surfaces for yearly rainfall in Chitwan district with: a) Inverse 
distance weighted averaging (b) Thin plate spline (c) Ordinary Kriging (d) Universal Kriging 
(Source: De Decker, 2013). 
 
Table 5. 10: Coefficient of Variation of Root Mean Squared Deviation (CV(RMSD)) for the four 
interpolation methods for total and monthly rainfall (Source: De Decker, 2013). 
Interpolation methods Jan. Apr. Jul. Sep. Year Mean 
CV(RMSD)  
 
                                                           
   % 
 
                                                           
 
Inverse Distance Weighted Average 24.8 90.4 18.2 10.9 8.5 30.2 
Thin Plate Spline 30.6 112.2 24.5 13.9 8.1 37.7 
Ordinary Kriging 23.8 90.3 17.7 11.2 10.8 30.8 
Universal Kriging 20.5 70.9 18.5 12.8 9.0 26.3 
Average CV(RMSD) 24.9 91.0 19.7 12.2 9.1 31.3 
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                   (a)                          (b)  
 
             (c) 
Figure 5. 25: Correlation between the average 10-daily rainfall recorded at (a) Jhawani and 
Rampur stations (b) Bharatpur and Rampur stations (c) Jhawani and Bharatpur stations. 
To further analyze the variation of climate, the rainfall data recorded at the 
stations within the region were compared. The correlation between the 
average 10-daily rainfall data recorded in the stations within the region is 
shown in Figure 5.25 (a-c). The coefficient of determination (R²) between 
Rampur and Jhawani station was 0.98 with CV(RMSD) of 0.15. Similarly, R² and 
CV(RMSD) between Rampur and Bharatpur station was 0.91 and 0.36  
respectively and between Bharatpur and Jhawani station was 0.91 and 0.38 
respectively. The lower R² and higher CV(RMSD) between the Bharatpur 
stations with other two stations might be due to the averages calculated from 
the short period (2000-2010) for Bharatpur station when the rainfall were 
more erratic and different than previous twenty years (See Section 2.3.3 and 
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Figure 2.3). The R² and CV(RMSD) between the Rampur and Jhawani station , 
where long term data (more than 30 years data) was available, showed low 
variation of rainfall in the region.  
 
Figure 5. 26: Correlation between the average 10-daily reference evapotranspiration 
calculated from climatic data recorded at Bharatpur and Rampur stations. 
The calculated average 10-daily reference evapotranspiration at Rampur and 
Bharatpur stations correlated with each other is presented in Figure 5.26. The 
results show high correlation of 0.99 and CV(RMSD) of 0.08 between reference 
evapotranspiration at two stations. The high correlation and low CV(RMSD) 
between the reference evapotranspiration at two stations showed low 
variability of evaporating demand in the region.  
Although there is some variability of the climate in the region, the variability 
seems low between the stations in the region. As the climatic data from 
Rampur station has long-term detailed data, it was considered as the 
representative climate station for the region.  
5.4 Conclusions 
The results from the regional farmer survey is taken as the representative 
situation of the region. It can be concluded from the farmer survey that the 
farmers used very low amount of chemical fertilizers for the grain crops. The 
use of fertilizer decreases for the crops when planted in the drier season. In 
average, farmers used around 50% of NRFD for monsoon rice, around 40% of 
NRFD for irrigated winter wheat and 20% NRFD for rainfed winter wheat, and 
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20% NRFD for spring maize. It should be noted that the use of the fertilizer was 
highly imbalanced and farmers used mainly chemical fertilizers providing 
Nitrogen. It should also be noted that the irrigating farmers used higher rate of 
fertilizer than the non-irrigating farmers. Farmers applied low amount of 
chemical fertilizer mainly due to its negative effect that may be due to the 
imbalanced fertilizer use and fertilizers’ high costs. The low application of 
organic fertilizer is mainly due to unavailability.   
 The number of irrigation application also decreases when the season becomes 
drier. While irrigating farmers applied irrigation in average up to 11 times, the 
average number of irrigation application decreased to three for winter wheat 
and two for spring maize. In addition, the percentage of people applying 
irrigation decreased from 89% in monsoon rice to 59% in winter wheat and 57 
% in spring maize. The farmers depended mainly on canal supply during 
monsoon season and on groundwater supply during drier season. While the 
problems in irrigation with canal and river sources were mainly water scarcity, 
the farmers using groundwater sources cited high costs, load shedding and 
water scarcity as major problems in irrigation. The results of the farmers’ 
management of grain crops from farmer survey conducted will be used as a 
representative regional scenario in Chapter 6. 
The use of pedotransfer function (PTF) is a convenient and cost effective 
method to obtain the required soil properties, which are rather difficult or 
expensive to measure. Concluding from our research, care should be taken to 
select an appropriate pedotransfer function. Since PTF requires textural 
analysis, a proper method should be selected as well. The selection of the 
analytical method is based on availability of the analytical equipment rather 
than the accuracy assessment of the method.  
The selection of pedotransfer function should be done to suit the needs of the 
researcher. AquaCrop manual (Raes et al., 2012) suggests the use of 
pedotransfer functions of Saxton and Rawls (2006); however other PTFs can 
also be considered. The comparison of three PTFs showed us that PTF of 
Saxton and Rawls resulted in the lowest error of estimation. The visual 
inspection shows that PTF of Tomasella and Hodnett (1998) gave very different 
results than Saxton and Rawls. Although PTF of Adhikary et al. (1998) 
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underestimates the retention characteristics, its point cloud correlates with 
the point clouds from Saxton and Rawls with a Pearson correlation coefficient 
of 98.8%.  
It was concluded from our research that the procedure of texture 
determination by hydrometer method and estimating water retention 
characteristics with Saxton and Rawls PTF can be used for our analysis. 
However, it should be noted that the PTF can introduce CV(RMSD) as high as 
27% and cannot be considered exact representation. However, these methods 
can be used to determine the representative soil physical characteristics of the 
region. For exact determination of soil physical characteristics, detailed 
analysis of soil sample in lab is required. The soil water retention 
characteristics determined using PTF will be used to determine the 
representative soil physical characteristics in Chapter 6 for a regional scenario 
analysis.  
The analysis of the rainfall in the region showed that there is low spatial 
variability of the rainfall and reference evapotranspiration in the region. It was 
concluded that use of climatic data from only one station was sufficient to 
represent the climate of the region. The unavailability of long term data and 
missing data from two stations prompted Rampur station as the representative 
station of the region. The detailed climatic data from Rampur station for the 
last 30 years was selected as the climatic source for a regional scenario analysis 
in Chapter 6. 
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Chapter 6: Scenario analysis of management strategies 
for the region 
6.1 Introduction 
Field level crop growth simulation models are often used to estimate regional 
patterns of crop yields (e.g. Faivre et al., 2004; Geerts, 2008; Mhizha, 2010; 
Alemtsehay, 2012). To use a field level crop growth level at regional scale: 
(i) It  can be run by using input for each of the points distributed 
throughout the region (Bosma et al., 1994; Sinowski et al., 1997; 
Leterme et al., 2007) Or, 
(ii) It can also be run by using input derived from the grids to define 
continuous area (Moen et al., 1993; Bosma et al., 1994; Heuvenlink 
and Pebesma, 1999; Saarikko, 2000; Ines et al., 2001; Van 
Bodegem et al., 2002).  
The choice between the two methods depends on the availability of the data, 
time required for simulations and practical applications.  
To simulate representative management scenarios for the region, it is more 
practical to categorize the point inputs distributed throughout the region into 
certain categories or grids and running the simulations on limited categories. 
However, to categorize the point inputs, an appropriate method must be 
determined.  
 AquaCrop model, which has already been calibrated and validated (Chapter 4) 
for local conditions, is used in this chapter to simulate different field 
management strategies scenarios. Scenarios are simulated to calculate the 
expected risks of different management strategies and to provide different 
alternatives for optimal productions given the constraints of the water and 
fertilizer (Chapter 5) in the region.  
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6.2 Materials and methods 
6.2.1 Categorization of AquaCrop inputs 
AquaCrop needs a set of input parameters to define the environment in which 
the simulation takes place. At least climate, crop and soil files need to be 
selected to run a simulation. In addition to these, specific field management 
(e.g. soil fertility, application of mulches or field bunds) and irrigation files 
need to be selected.  
For defining the representative AquaCrop input data for the region, the 
different input files need to be categorized so as to represent the region.  
6.2.1.1 Climate 
As there was minimal spatial variance of climate in the Chitwan region (Section 
5.3.3), the climate characteristics of Rampur meteorological station were used 
as representative station for the simulation of cereal crop yields. The climate 
file for AquaCrop consist of four separate files: rainfall, temperature, 
evapotranspiration and CO2 concentration files. 
The climate data recorded in Rampur meteorological station consist of daily 
rainfall values for years 1981-2010. Similarly, temperature data on daily basis 
was available for years 1981-2010. The relative humidity, sunshine hours and 
wind speed data were also available for the same period, however there were 
missing data for several months in some years. The reference 
evapotranspiration rate was calculated (Section 3.5.2) based on daily-recorded 
climatic parameters (temperature, humidity, sunshine hours and wind speed) 
with EToCalc (FAO, 2009) for years 1981-2010. For the Carbon dioxide (CO2) 
concentration file the standard Mauna Loa dataset was used, with historical 
data for the 1981-2010 time span.   
The recorded daily data of rainfall, minimum and maximum temperature and 
CO2 concentration and calculated reference evapotranspiration data for 30 
years (1981-2010) are used for the management scenario analyses. 
6.2.1.2 Crops 
The crop files for rice, wheat and maize, which were calibrated and validated 
for Chitwan (Chapter 4), are used for the management scenario analyses.  
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6.2.1.3 Soils 
For complete simulation of the whole Chitwan region, 30-year simulations are 
needed to run for 1194 different sample points with different soil 
characteristics obtained through soil survey done by National Land Use Project 
(NLUP) and in this research. This process is time-consuming and cumbersome. 
To minimize the number of simulations and to determine the representative 
soil types for the region, soil need to be categorized into groups according to 
the parameter that is most affecting the yields.   
To categorize the soil characteristics according to their effect on yield, 
simulations need to be run with all 1194 soil sample points. To run simulations 
with all 1194 soils, project files and soil files were written and managed with 
the help of commercial software package MATLAB, 2012 (De Decker, 2012). 
The AquaCrop plug-in program was used to run all the project simulations 
successively and the output files were gathered and processed using MATLAB. 
Even with MATLAB, the process was time consuming to run for the whole 
region.  
To determine the effect of soil physical parameters variability on yield, 
AquaCrop simulations were run for rice, wheat and maize. Unlimited fertility 
and rainfed crops were considered in all simulations. The following simulation 
scenario was considered: the paddy rice crop was considered transplanted on 
22 July, in the mid of monsoon season. As monsoon already starts in early 
June, the soil was considered at field capacity at the beginning of the 
simulation. Wheat, with the soil water content obtained at the end of rice 
simulations, was considered planted on 15 November after harvesting of rice. 
Maize was considered planted on 4 April after wheat with the soil water 
content obtained at the end of wheat simulations. This scenario was repeated 
for 30 years (1981-2010). 
The soil physical characteristics for the different soil points in Chitwan region 
were estimated using pedotransfer function of Saxton and Rawls (2006) as it 
was considered most suitable method for estimation (Section 5.3.2.2). The 
textural class was used to derive the indicative values for saturated hydraulic 
conductivity.  
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It was expected that there exists a correlation between the yields of cereal 
crops and some soil physical characteristics. The effect of the following soil 
characteristics on cereal yield were analyzed: sand content (wt%), silt content 
(wt%), clay content (wt%), soil textural class, soil organic matter (SOM: wt%), 
and Total Available Water (TAW: mm∙m-1). TAW is defined as the volume of 
water between soil water content at field capacity and wilting point (Eq. 6.1). 
                     (Eq. 6.1) 
Where, 
TAW = Total Available Water in a meter of soil depth (mm) 
θFC = Water content at Field Capacity (Vol %) 
θWP  = Water content at Permanent Wilting Point (Vol %) 
In order to analyse the relationship between each of these parameters and the 
cereal yields, scatter plots were developed. The strength of a relationship was 
calculated using the Spearman rank correlation. 
6.2.2 Field management strategies simulations 
6.2.2.1 Sowing date and initial conditions 
As observed from farmer survey (Chapter 5), most farmers chose to sow crops 
during a definite period. In general, farmers preferred to sow rice between mid 
June to mid July, wheat in the first week of December and maize in the first 
week of April. The tentative time of sowing preferred by farmers might be due 
to one of the following reasons: 
(i) Since rice is the staple crop of households and most sensitive toward 
drought, it is the preferred crop for monsoon season when the water is 
readily available. Monsoon already starts in June, so by the preferred 
time of sowing of rice from mid-June to mid-July, the soil would be in 
saturated conditions for the rice to be transplanted.  
(ii) Due to the intolerance of the maize toward frost during the seedling 
stage and due to the better economic benefits from wheat than maize, 
wheat is the preferred crop to be sown after monsoon rice to take the 
benefits of the residual soil water contents after monsoon. Sowing of 
wheat after monsoon rice benefits from preferred cold weather during 
anthesis. In addition, wheat breads are preferred staple food after rice 
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among the people in Terai, which makes wheat more preferable than 
maize.  
(iii) The maize is sown around mid-March to mid-April when the 
temperatures are more favorable. The late dry season planting of 
maize gets the benefit of early monsoon rain at mid to the end of the 
growing season, however it should be noted that sowing of maize later 
than mid-April might hamper the planting of rice when monsoon 
comes. Additionally, in areas where the fields are swamped due to 
high monsoon rains, the high rainfall can be more destructive than 
beneficial to maize at the end of growing season.  
The crops’ tentative sowing date for simulations were selected based on the 
farmer survey results in Chapter 5 and the initial soil water contents were 
estimated based on climatic conditions before the sowing date and the data 
collected during field experiments. The initial soil water contents and the 
sowing dates for the simulation runs are presented in Table 6.1.  
Table 6. 1: Initial soil water content, sowing date and simulation period used for simulations. 
Crop Initial Soil Water content Sowing date Simulation Period 
Monsoon 
Rice 
Wilting point on May 15 
(Driest period of the 
year) 
Based on third occurance of onset 
criteria of 40 mm of rainfall in four 
days as suggested by Raes et al. 
(2004) within search window of 15 
June to 15 July. 
From May 15 to 
end of cropping 
period of rice 
Winter 
Wheat 
Average (30 years) soil 
water content at the end 
of simulation monsoon 
rice cropping 
After 15 days of harvest period for 
rice and field preparation period, 
sowing date for the winter wheat 
was considered as 15 November. 
From October 30 
to end of cropping 
period of wheat 
Spring 
Maize 
Average soil water 
content considered near 
to wilting point after long 
dry winter period  
Based on first occurance of onset 
criteria of 40 mm of rainfall in four 
days as suggested by Raes et al. 
(2004) within search window of 15 
March to 15 April. 
From 15 March to 
end of cropping 
period of spring 
maize 
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6.2.2.2 Management scenarios 
To determine the management strategies for optimum grain production for 
rice, wheat and maize in the Chitwan region, four different scenarios of water 
treatment and six different scenarios of fertilizer treatments were assessed 
(Table 6.2) when running  a scenario analysis with 30 years of historical 
climatic data. 
Table 6. 2: Water and Fertilizers treatment scenarios used for simulations. 
Crop Water treatments
 
Fertilizer treatments
 
Monsoon 
Rice 
 150% of National 
Recommended Fertilizer 
Dose (NRFD) 
Rainfed (R) 100% of NRFD 
Full Irrigation (F) (Soil Water Content (SWC) 
maintained at Field capacity) 
50% of NRFD 
20% of NRFD 
10% of NRFD 
0% of NRFD 
   
Winter 
Wheat 
Rainfed (R) 150% of NRFD 
Full Irrigation (F) (SWC maintained at 70% TAW) 100% of NRFD 
Deficit Irrigation strategy 1(D1)(2 application of 
1/6 net irrigation requirement (Inet) each before 
and around flowering) 
50% of NRFD 
20% of NRFD 
Deficit Irrigation strategy 2 (D2)(3 applications of 
1/6 Inet each, one before, around and after 
flowering) 
10% of NRFD 
0% of NRFD 
   
Spring 
Maize 
Rainfed (R) 150% of NRFD 
Full Irrigation (F) (SWC maintained at 80 % TAW) 100% of NRFD 
Deficit Irrigation strategy 1(D1)(2 application of 
1/6 Inet  each around the 1
st
 week and 3 weeks 
after sowing) 
50% of NRFD 
20% of NRFD 
Deficit Irrigation strategy 2 (D2)(3 applications of 
1/6 Inet  each around 1
st
 week, 3 weeks after 
sowing and around flowering) 
10% of NRFD 
0% of NRFD 
 
Given the limited water availability outside the monsoon season and the 
increased use of groundwater, deficit irrigation was considered as a valuable 
option. The total amount of water applied by deficit irrigation is expressed as a 
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fraction of the net irrigation requirement (Inet) for each crop. It consists of 
applying 1/3 Inet (in two application) and 1/2 Inet (in three applications). The 
application time was based on the drought sensitive stages suggested by 
Geerts and Raes (2009) and by visual inspection of most affecting drought 
period in rainfed simulations. 
The considered fertilizer treatments were expressed as percentages of the 
national recommended fertilizer dose (NRFD). Based on observed relative 
biomass production for different fertilizer treatments in the non-water 
stressed experimental fields (FFo, FFn and FFu), the soil fertility stress at 150, 
100 and 0 % of NRFD were obtained by Eq.4. 3. The settings for the 50, 20 and 
10 % of NRFD were obtained by linear interpolation.  
6.3 Results and discussions 
6.3.1 Categorization of soils 
The characteristics of soils from 1194 sample points using the pedotransfer 
function of Saxton and Rawls (2006) is given in Table 6.3. 
Table 6. 3: Soil sample characteristics of the 1194 soil samples used for the simulation.  
Texture Class Sample % Variable Sand  Silt Clay SOM Sat FC WP TAW 
   
(Wt %) (Vol %) mm 
Clay 0.7 
Mean 28.7 31.7 39.6 4.3 50.5 38.2 24.7 135 
Median 27.3 31.4 41.4 4.5 51.0 39.0 25.6 134 
Minimum 27.3 29.4 31.9 3.3 48.5 34.5 20.5 134 
Maximum 34.3 34.2 41.4 4.5 51.0 39.0 25.6 141 
SD 2.7 1.2 3.6 0.4 1.0 1.7 1.9 3 
Clay Loam 2.6 
Mean 30.3 41.2 28.0 2.1 46.6 32.7 17.9 148 
Median 26.3 44.0 30.0 1.4 45.6 33.6 18.6 150 
Minimum 25.4 28.8 21.4 0.7 43.0 28.3 15.0 130 
Maximum 48.2 45.6 35.0 5.2 52.6 37.0 22.6 171 
SD 6.9 5.1 3.2 1.4 2.6 2.0 1.6 7 
Loam 41.9 
Mean 40.8 41.1 17.8 3.5 48.8 28.0 13.1 149 
Median 41.0 41.8 17.7 3.5 48.7 27.7 13.2 149 
Minimum 24.5 20.0 2.6 0.0 40.3 14.8 4.9 95 
Maximum 71.1 56.9 30.7 6.9 59.9 34.9 19.8 183 
SD 6.5 5.5 4.8 1.2 3.5 3.2 2.6 14 
Loamy Sand 1.7 
Mean 70.5 22.0 7.5 2.3 44.9 15.1 6.4 88 
Median 72.7 20.0 6.9 2.2 44.9 14.3 6.0 85 
Minimum 34.4 11.6 2.0 2.1 43.6 10.6 3.1 63 
Maximum 82.1 59.9 15.5 2.8 46.2 23.3 11.3 176 
SD 9.1 8.9 3.2 0.1 0.6 3.1 2.0 21 
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Table 6.3 Continued 
Texture Class Sample % Variable Sand  Silt Clay SOM Sat FC WP TAW 
Sand 0.1 
Mean 61.9 16.9 21.2 3.0 44.8 25.0 14.8 102 
Median 61.9 16.9 21.2 3.0 44.8 25.0 14.8 102 
Minimum 60.4 13.2 16.1 3.0 44.2 22.1 12.0 101 
Maximum 63.4 20.5 26.3 3.0 45.4 27.9 17.7 102 
SD 2.1 5.2 7.2 0.0 0.9 4.1 4.0 1 
Sandy Clay 0.8 
Mean 52.2 24.4 23.5 3.9 47.4 28.7 16.5 122 
Median 50.3 23.7 24.4 3.9 47.4 29.4 17.0 124 
Minimum 46.0 23.2 17.6 3.5 46.6 24.4 13.2 113 
Maximum 58.4 28.0 26.0 4.5 49.3 31.5 18.2 133 
SD 3.4 1.5 2.7 0.2 0.6 1.9 1.5 5 
Sandy Clay Loam 9.1 
Mean 37.0 50.0 12.6 2.8 47.5 25.9 9.9 161 
Median 36.5 50.2 12.2 2.8 47.3 25.5 9.7 162 
Minimum 18.4 35.5 5.2 1.3 42.4 20.4 5.8 127 
Maximum 52.6 61.4 23.7 4.4 52.9 34.0 16.6 183 
SD 7.3 5.3 4.8 0.4 1.5 3.4 2.7 13 
Sandy Loam 43.2 
Mean 60.1 27.6 11.6 3.2 47.1 20.8 9.6 112 
Median 60.0 26.8 10.6 3.2 47.3 20.4 8.8 112 
Minimum 24.5 9.5 2.4 0.6 40.0 13.6 4.6 66 
Maximum 82.3 48.7 43.7 6.4 54.6 39.8 26.6 168 
SD 8.8 7.5 4.5 0.7 2.0 3.7 2.6 19 
 
The spatial variability of the simulated yields by using the characteristics of all 
1194 soils is presented in Table 6.4. 
Table 6. 4: Spatial variation of yield due to spatial soil variability for Chitwan district. 
 
Rice Wheat Maize 
Mean (t/ha) 4.66 2.91 2.79 
Max (t/ha) 4.72 3.97 3.69 
Min (t/ha) 3.98 0.06 0.42 
SD (t/ha) 0.10 0.76 0.71 
RSD (%) 2.14 26.06 25.62 
 
From Table 6.4, it can be concluded that there is more spatial variability in 
yields for crops cultivated in the dry season than in the monsoon season. In the 
monsoon season, RSD is only about 2% whereas it reaches up to 26% for wheat 
and maize in the dry season.  
The scatter plot of the simulated cereal yields for all 1194 soils against each of 
the selected soil physical characteristics are presented in Figure 6.1. The 
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spearman rank correlation between the cereal yields and the soil physical 
characteristics are presented in Table 6.5. 
 
Figure 6. 1: Scatter plots between the yield of rice (black dots), wheat (red dots), maize (blue 
dots) yields by using the characteristics and selected soil physical characteristics for 1194 soils. 
 
Table 6. 5: Spearman rank correlation coefficient between cereal yields and selected soil 
physical characteristics for all 1194 soils. A correlation of 100% indicates a perfect relationship. 
 Rice Wheat Maize 
 
 
              
 % 
 
              
 
Sand content  -88.0 -83.9 -77.6 
92.2 
 
Silt content 87.8 89.6 90.5 
 
Clay content 36.8 31.4 2 1
 
Soil type -57.2 -51.1 -45.8 
SOM 21.2 19.9 18.3 
TAW 98.7 99.7 97.8 
 
As can be seen from Figure 6.1 and Table 6.5, clear relationship exists between 
the cereal yields and the sand content, silt content and TAW. The strongest 
correlation exists between TAW and grain yields (Spearman rank correlation 
coefficient above 97% for all 3 crops). 
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As the strongest Spearman rank correlation exists between the TAW and the 
grain crop yields, the soil was classified in TAW classes. To determine the 
minimum required number of classes, various numbers of classes were 
selected ranging from one to ten. The cereal crop yield was then calculated for 
each of these classes and these yields were compared with simulated yields by 
using the characteristics of the 1194 soil units. The prediction error of yields 
for classified soil samples is presented in Table 6.6. 
Table 6. 6: Results of discretization of soil variability: soils are classified according to TAW 
value. 
  Number of classes considered 
  1 2 3 4 5 6 7 8 9 10 
Rice RMSD 
(t/ha) 
0.10 0.08 0.05 0.05 0.03 0.03 0.03 0.03 0.02 0.03 
Wheat 0.76 0.40 0.31 0.25 0.25 0.19 0.22 0.19 0.19 0.18 
Maize 0.71 0.42 0.30 0.28 0.27 0.23 0.25 0.21 0.22 0.24 
Rice CV(RMSD) 
(%) 
2.1 1.6 1.1 1.0 0.7 0.7 0.6 0.5 0.5 0.5 
Wheat 26.1 13.7 10.5 8.7 8.7 6.5 7.6 6.4 6.4 6.3 
Maize 25.6 15.2 10.9 10.0 9.8 8.4 8.8 7.6 7.9 8.7 
      
 
(a)                                                                               (b) 
Figure 6. 2: (a) CV(RMSD) of regional yield modeling with different numbers of TAW classes. 
The dashed line indicates the 10 % threshold. (b) Comparison of calculated yields for all 1194 
soils and yield calculated with five TAW classes.   
The decrease in CV(RMSD) values of prediction error with increasing number 
of soil classes is visualized in Figure 6.2 a. 
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From Figure 6.2 a, it is observed that increasing the number of classes up to 
five decreases the CV (RMSD) of prediction error for wheat and maize down to 
an acceptable range of below 10%. As for rice, which was planted in the 
monsoon season when rainfall is abundant, the increase in TAW classes has 
almost no effect on the accuracy of yield estimation. The increase in number of 
classes above five did not considerably increase the accuracy of the yield 
estimation. The comparison between the simulated yields with the 
characteristics of all 1194 soils and with five TAW classes is presented in Figure 
6.2 b.  
Since it is concluded that the yield estimation for crop management scenario 
analysis in the region can be estimated fairly accurately by considering five 
TAW classes, the characteristics of the classes are presented in Table 6.7. The 
mean TAW of the soil class was chosen as the characteristic TAW of soil class. 
The soil physical properties of the soil from 1194 sample points that has similar 
TAW value of soil class was chosen to represent the soil class.  
Table 6. 7: Soil classes used for crop management scenario analysis. 
Class TAW range (mm) Mean TAW value (mm) Sat (Vol%) FC (Vol%) WP (Vol%) 
1 60 - 84 71 40.4 13.0 5.9 
2 84 - 108 96 45.2 20.5 10.9 
3 108 - 132 121 41.5 24.7 12.6 
4 132 - 156 144 50.6 29.2 14.8 
5 156 - 180 166 52.1 34.0 17.4 
 
6.3.2 Field management strategies simulations 
6.3.2.1 Monsoon rice 
The simulated and observed grain yields for rainfed and irrigated monsoon rice 
for the five soil classes considered are plotted in Figures 6.3 (a-e). 
The simulated mean grain yields with the 50% National Recommended 
Fertilizer Dose (NRFD) corresponded well with the observed average rainfed 
and irrigated farm yield of 3.4 t/ha for rice. The farmer household survey 
results indicate that the fertilizer application by irrigating and non-irrigating 
farmers were little higher than 50% NRFD. 
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     (b) 
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     (c) 
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     (e) 
Figure 6. 3: Box plot of simulated grain yield (t/ha) of monsoon rice with different level of 
fertilizer and irrigation application for the period 1981-2010  for (a) Soil class 1 (b) Soil class 2 
(c) Soil class 3 (d) Soil class 4 and (e) Soil class 5. The labels in the x-axis indicate the 
combination of different treatments; the first letter indicates the fertilizer treatment where, 
U= Unlimited fertilizer application and N= NRFD, and the numbers indicate the fraction of 
chemical fertilizer used with respect to NRFD, where 0.5= 50%, 0.2= 20% and 0.1= 10% and 0= 
0%. The second letter indicates the irrigation treatment, where R=Rainfed and F= Full 
irrigation. Box boundaries indicate 25 and 75-percentiles, line within box is median, cross 
inside box is mean, small circles outside box are outliers, and whiskers indicate 9 and 91-
percentiles. The line horizontally across the graph indicates the reported farmer’s yield. The 
characteristics of the 5 soil classes are given in Table 6.7.  
The negligible differences in simulated mean grain yield between rainfed and 
irrigated monsoon rice confirmed that the major cause for the yield gap of 
crops cultivated in the monsoon season was fertility stress and not water 
stress (Figures 6.3 (a-e)). However, it should be noted that in 1998, the yield 
was as low as 2.3 t/ha (for unlimited soil fertility), which was due to early 
cessation of the monsoon rainfall causing water stress at flowering period. In 
addition, it was observed that the variation in number of rainy days and the 
total rainfall in monsoon in last 10 years (Section 2.3.3) do not have significant 
impact on the rice yield.  
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If farmers would increase the fertilizer application to NRFD, rice yield could be 
increased by 10%. Applying 150% of the NRFD could boost rice yields by one-
third but caution should be given to farmers to use the well-balanced fertilizer 
application to prevent the soil fertility loss. Higher application of chemical 
fertilizers should be combined with farm yard manure to minimize the loss in 
soil fertility.  
Yadav and Peterson (1993) and Adhikari et al. (1999) recommends that in 
sufficient water conditions, the high fertilizer input along with labor input 
could increase the rice production up to 4 t/ha in Nepal. Alam et al. (2006) 
reports yield increase up to 3 t/ha for rice for an increase in the N application 
from 0 kg/ha to 100 kg/ha. The results of the present study of rice yield 
increase with fertilizer increase are similar to these earlier research findings. 
6.3.2.2 Winter wheat 
The simulated and observed grain yield for irrigated and rainfed winter wheat 
for the five soil classes considered is plotted in Figure 6.4 (a-e).  
Farmer household survey results show that the irrigation application by 
farmers was similar to the deficit irrigation strategy 2 (D2) for wheat and the 
fertilizer application was around 40% of NRFD for irrigated winter wheat and 
20% NRFD for rainfed winter wheat. The highest simulated rainfed yields for 
20% NRFD were close to the maximum rainfed yield of 2.1 t/ha as reported by 
farmer respondents from farmer household survey. The simulated mean yield 
for deficit strategy 2 and 50% NRFD application were close to the irrigating 
farmer’s yield of 2.4 t/ha (Figure 6.4 a-e).       
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     (d)  
      (e) 
Figure 6. 4: Box plot of simulated grain yield (t/ha) of winter wheat with different level of 
fertilizer and irrigation application for the period 1981-2010  for (a) Soil class 1 (b) Soil class 2 
(c) Soil class 3 (d) Soil class 4 and (e) Soil class 5. The labels in the x-axis indicate the 
combination of different treatments; the first letter indicates the fertilizer treatment where, 
U= Unlimited fertilizer application and N= NRFD, and the numbers indicate the fraction of 
chemical fertilizer used with respect to NRFD, where .5= 50%, .2= 20% and .1= 10% and 0= 0%. 
The second letter indicates the irrigation treatment, where R=Rainfed, D1= Deficit Irrigation 
Strategy 1, D2= Deficit Irrigation Strategy 2 and F= Full irrigation. Box boundaries indicate 25 
and 75-percentiles, line within box is median, cross inside box is mean, small circles outside 
box are outliers, and whiskers indicate 9 and 91-percentiles. The upper dashed and lower 
straight line horizontally across the graph indicates the reported farmer’s mean irrigated yield 
and maximum rainfed yields respectively. The characteristics of the 5 soil classes are given in 
Table 6.7.  
The simulations showed that yields were predominantly constrained by water 
stress (Figure 6.4 a-e) and applying fertilizers to rainfed wheat without 
considering (deficit) irrigation was detrimental for the productivity and yield 
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stability. With higher fertility levels, crops developed better at the start of the 
growing season. Simulations showed that the amplified water uptake of the 
limited available soil water, by the more vigorous plants resulted in early 
senescence in dry years under rainfed conditions. This resulted in lower 
average yields and higher standard deviations for higher fertilizer applications 
(Figure 6.4 a-e). 
The increase in the yield for higher application of fertilizer is found more 
effective with application of irrigations (Li et al., 2003). Crop yield under 
irrigated conditions increase up to 111% above rainfed crop yields with the 
same fertilizer application. Hussain and Al-Jaloud (1995) and Li et al. (2003) 
also indicate that adequate fertilizer application promotes the crop water use 
efficiency. The positive effects of deficit irrigation strategies on water 
productivity have been studied in different regions (e.g. Ali et al., 2007; Kang et 
al., 2002; Zhang et al., 2004) with yield increases up to 1.6 t/ha in comparison 
to the rainfed treatments. However, choice of the irrigation strategies depends 
on the fertilizer applications and water availability. 
As seen from the simulations, the rainfed yield varied along the soil classes. 
The initial available water content varied among the soil classes due to their 
different water holding capacity. There was higher chance of crop failure in 
soils with lower TAW when there was no occurrence of rainfall events before 
flowering. It was observed that during the years when the precipitation events 
occurred before the flowering, there was higher chance of crop survival. It 
should also be noted that the yield results showed the interaction between the 
fertilizer and water treatment for the rainfed simulations where mean yield for 
higher fertilizer application were lower compared to the lower fertilizer 
application. Contradiction to the no interaction between fertilizer and water 
treatment seen in analysis of experimental data (Section 3.5.3.2) might be due 
to the occurrence of a rainfall event before the flowering during the 
experiment period causing the final yields to increase with respect to fertilizer 
applications.  
As the initial soil water content plays an important role in determining the 
yield of the crop, different strategies should be proposed for different soil 
classes. Suitable irrigation strategies for various fertilizer applications for each 
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soil class were based on the water productivity and the difference with the 
maximum obtainable yield under full irrigation.  
  
                 (a)                            (b)  
Figure 6. 5: (a) Yield loss expressed as a percentage of the attainable grain yield of wheat 
without water stress for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of wheat 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 1. The 
characteristics of soil class 1 is presented in Table 6.7.  
  
              (a)                           (b)  
Figure 6. 6: (a) Yield loss expressed as a percentage of the attainable grain yield of wheat 
without water stress for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of wheat 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 2. The 
characteristics of soil class 2 is presented in Table 6.7. 
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                                                         (a)                            (b)  
Figure 6. 7: (a) Yield loss expressed as a percentage of the attainable grain yield of wheat 
without water stress for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of wheat 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 3. The 
characteristics of soil class 3 is presented in Table 6.7. 
  
                                                           (a)                           (b)  
Figure 6. 8: (a) Yield loss expressed as a percentage of the attainable grain yield of wheat 
without water stress for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of wheat 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 4. The 
characteristics of soil class 4 is presented in Table 6.7. 
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                                                           (a)                          (b)  
Figure 6. 9: (a) Yield loss expressed as a percentage of the attainable grain yield of wheat 
without water stress for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of wheat 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 5. The 
characteristics of soil class 5 is presented in Table 6.7. 
 
Table 6. 8: Best irrigation strategy for wheat for the five considered soil classes and various 
fertilizer application expressed in % with respect to National Recommended Fertilizer Dose 
(NRFD). F means Full Irrigation and D means Deficit Irrigation strategy. (D1= 2 application of 
1/6 net irrigation requirement (Inet) each before and around flowering; D2= 3 applications of 
1/6 Inet each, one before, around and after flowering). 
Fertilizer 
application for:  
Stabilizing yields at 
current yield levels 
Stabilizing and increasing yield above  
current yield levels 
Fertilizer 
application (%) 
0 10 20 50 100 150 
Soil Class Irrigation strategy 
1 D2 D2 D2 F F F 
2 D1 D2 D2 D2 F F 
3 D1 D1 D1 D2 D2 D2 
4 D1 D1 D1 D1 D2 D2 
5 D1 D1 D1 D1 D2 D2 
 
Table 6. 9: Expected mean yield increase in wheat with irrigation strategies suggested in Table 
6.7 for different fertilizer application rates with respect to National Recommended Fertilizer 
Dose (NRFD). 
Soil class Fertilizer up to 50% NRFD Fertilizer above 50% NRFD 
1 Up to 6% Up to 103% 
2 Up to 25% Up to 103% 
3 Up to 3% Up to 74% 
4 Up to 30% Up to 74% 
5 Up to 30% Up to 74% 
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Deficit irrigation strategy was selected when the yield loss versus full irrigation 
was low and the water productivity is high. With the help of Figure 6.5 (a,b)- 
Figure 6.9 (a,b), the appropriate irrigation strategy for different fertilizer 
application in different soil classes were determined (Table 6.8).  
The deficit irrigation strategy listed in Table 6.8 for different fertilizer 
application results a mean yield decline of only 15% or lower with respect to 
maximum attainable yield under full irrigation. The water productivity with 
deficit irrigation is always higher than for full irrigation.  
Given the current non-irrigating farmer’s yield of 2.1 t/ha (maximum attainable 
in good rainy years), the increase in mean yield with the irrigation strategies 
(Table 6.8) are presented in Table 6.9. 
6.3.2.3 Spring maize 
The simulated and observed grain yield for irrigated and rainfed spring maize 
for the five soil classes are plotted in Figure 6.10 (a-e). Farmer household 
survey results show that the irrigation application by farmers was similar to the 
deficit irrigation strategy 1 for maize and the fertilizer application was around 
20% of NRFD for irrigated spring maize and 20% NRFD for rainfed spring maize. 
The highest simulated rainfed yields for 20% NRFD were close to the maximum 
rainfed yield of 1.7 t/ha as reported by farmer respondents from the farmer 
household survey. The simulated mean yield for deficit irrigation strategy 1 
and 20% NRFD application were close to the irrigating farmer’s yield of 2.1 t/ha 
(Figure 6.10 a-e). 
The simulations showed that the yields were predominantly constrained by 
water stress (Figure 6.10 a-e) and that applying fertilizers to rainfed maize 
without considering (deficit) irrigation was detrimental for the productivity and 
yield stability. The crop failed at the start of the season most of time because 
of the low initial water availability during the start of season. This resulted in 
lower average yields and higher crop failures (Figure 6.10 a-e). 
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     (a) 
     (b) 
     (c) 
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     (d) 
     (e) 
Figure 6. 10: Box plot of simulated grain yield (t/ha) of spring maize with different level of 
fertilizer and irrigation application for the period 1981-2010  for (a) Soil class 1 (b) Soil class 2 
(c) Soil class 3 (d) Soil class 4 and (e) Soil class 5. The labels in the x-axis indicate the 
combination of different treatments; the first letter indicates the fertilizer treatment where, 
U= Unlimited fertilizer application and N= NRFD, and the numbers indicate the fraction of 
chemical fertilizer used with respect to NRFD, where .5= 50%, .2= 20% and .1= 10% and 0= 0%. 
The second letter indicates the irrigation treatment, where R=Rainfed, D1= Deficit Irrigation 
Strategy 1, D2= Deficit Irrigation Strategy 2 and F= Full irrigation. Box boundaries indicate 25 
and 75-percentiles, line within box is median, cross inside box is mean, small circles outside 
box are outliers, and whiskers indicate 9 and 91-percentiles. The upper dashed and lower 
straight line horizontally across the graph indicates the reported farmer’s mean irrigated yield 
and maximum rainfed yields respectively. The characteristics of the 5 soil classes are given in 
Table 6.7.  
Pandey et al. (2000 a,b) suggested that the simultaneous optimization of both 
N and water inputs may produce acceptable crop yields and economic return. 
They also suggested that the fertilizer application at water deficit conditions 
can be reduced up to half of the fertilizer application at water abundance 
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conditions to maximize the profit. Ojha (2006b) suggested that the maize yield 
could be increased up to 5 t/ha under optimal fertilizer conditions. 
As seen from the simulations, the rainfed yield varied along the soil classes. 
The initial soil water content was kept near to wilting point and the variability 
in rainfed yield might be due to the difference in threshold for stomata closure 
and canopy senescence for different soil classes. There was higher chance of 
crop failure in soils with higher TAW when there was no regular occurrence of 
rainfall before flowering. It was observed that during the years when the 
precipitation occurred regularly before the flowering, the rainfed yields were 
higher than the mean observed rainfed yields. It should also be noted that the 
yield results showed the interaction between the fertilizer and water 
treatment for the rainfed simulations where mean yield for higher fertilizer 
application were lower compared to the lower fertilizer application. 
Contradiction to the no interaction between fertilizer and water treatment 
seen in analysis of experimental data (Section 3.5.3.3) might be due to the 
regular occurrence of the rainfall events before sowing and throughout the 
growing season during the experiment period causing the final yields to 
increase with respect to fertilizer applications. 
  
                  (a)                             (b)  
Figure 6. 11: (a) Yield loss expressed as a percentage of the attainable grain yield of maize 
without water stress, for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of maize 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 1. The 
characteristics of soil class 1 is presented in Table 6.7. 
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                  (a)                                (b)  
Figure 6. 12: (a) Yield loss expressed as a percentage of the attainable grain yield of maize 
without water stress, for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of maize 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 2. The 
characteristics of soil class 2 is presented in Table 6.7. 
 
                                                           (a)                           (b)  
Figure 6. 13: (a) Yield loss expressed as a percentage of the attainable grain yield of maize 
without water stress, for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of maize 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 3. The 
characteristics of soil class 3 is presented in Table 6.7. 
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                                                         (a)                             (b)  
Figure 6. 14: (a) Yield loss expressed as a percentage of the attainable grain yield of maize 
without water stress, for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of maize 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 4. The 
characteristics of soil class 4 is presented in Table 6.7. 
 
 (a)                             (b)  
Figure 6. 15: (a) Yield loss expressed as a percentage of the attainable grain yield of maize 
without water stress, for 1/3 Inet water application (deficit irrigation strategy 1) and for 1/2 
Inet water application (deficit irrigation strategy 2); (b) Water productivity (kg/m³) of maize 
for 1/3 Inet water application (deficit irrigation strategy 1); for 1/2 Inet water application 
(deficit irrigation strategy 2) and for Full irrigation for various fertilizer applications expressed 
as a percentage of the National Recommended Fertilizer Dose (NRFD) and for soil class 5. The 
characteristics of soil class 5 is presented in Table 6.7. 
Suitable irrigation strategies for various fertilizer applications for each soil class 
were based on the water productivity and the difference with the maximum 
obtainable yield under full irrigation. Deficit irrigation strategy was selected 
when the yield loss versus full irrigation was low and the water productivity 
was equal to or higher than full irrigation. With the help of Figure 6.11 (a,b)- 
Figure 6.15 (a,b), the appropriate irrigation strategy for different fertilizer 
application in different soil classes were determined (Table 6.10).  
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The deficit irrigation strategy listed in Table 6.10 for different fertilizer 
application results in a mean yield decline of only 15% or lower with respect to 
maximum attainable yield under full irrigation. The water productivity with 
deficit irrigation is always equal to or higher than for full irrigation. 
Given the current non-irrigating farmers’ yield of 1.7 t/ha (maximum attainable 
in good rainy years), the increase in mean yield with the irrigation strategies 
(Table 6.10) are presented in Table 6.11. 
Table 6. 10: Best irrigation strategy for maize for the five considered soil classes and various 
fertilizer application expressed in % with respect to National Recommended Fertilizer Dose 
(NRFD). F means Full Irrigation and D means Deficit Irrigation strategy. (D1= 2 application of 
1/6 net irrigation requirement (Inet) each around 1
st
 and 3 weeks after sowing; D2= 3 
applications of 1/6 Inet each around 1st week, 3 weeks after sowing and flowering). 
Fertilizer 
application for:   
Stabilizing yields at 
current yield levels 
Stabilizing and increasing yield above  
current yield levels 
Fertilizer 
application (%) 
0 10 20 50 100 150 
Soil Class Irrigation strategy 
1 D1 D1 D1 D2 D2 F 
2 D1 D1 D1 D2 D2 F 
3 D1 D1 D1 D2 D2 F 
4 D1 D1 D1 D2 D2 F 
5 D1 D1 D1 D2 D2 F 
 
 
Table 6. 11: Expected mean yield increase in maize with irrigation strategies suggested in Table 
6.9 for different fertilizer application rates with respect to National Recommended Fertilizer 
Dose (NRFD). 
Soil 
class 
Fertilizer up to 50% NRFD Fertilizer from 50%-100% NRFD 
Fertilizer above 100% 
NRFD 
1 
Up to 23% Up to 45% 
 
2  
3 Up to 118% 
4  
5  
6.4 Conclusions 
This research shows that the use of a well-calibrated crop water model can be 
a valuable tool to analyze different field management strategies and to identify 
best strategies for a region.  
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The simulation for the management strategies with five categorized soil classes 
(instead of all 1194 soils) was chosen to be representative of the region.  
 Crop diseases, weeds and insect infestations were not considered in the 
management scenario simulations. Given that the simulation results of 
farmers’ strategies are similar to the observed regional average grain yields, it 
can be concluded that the crops are well managed by the farmers, which is in 
line with the observations from the farmer household survey in the region.  
AquaCrop was used to obtain realistic irrigation guidelines to increase and 
stabilize yields for various soil fertility managements for the Terai region of 
Nepal by considering the existing water availability and soil fertility constraints 
of the farmers. Results from the analysis of the management strategies 
indicated that: 
 Monsoon rice grain yield could only increase with improved soil 
fertility management.  
 For winter wheat, the yield could be increased and stabilized with the 
application of deficit irrigations for fertilizer applications up to 20% 
National Recommended Fertilizer Dose (NRFD) for Soil Class 1, 50% 
NRFD for Soil Class 2 and all level of fertilizer applications for rest of 
soil classes (i.e. Soil Class 3, 4 and 5). The deficit irrigation strategy to 
be followed varied according to the soil class. However, for Soil Class 1 
and Soil Class 2, full irrigation strategies were recommended for 
fertilizer application above 20% NRFD and 50% NRFD respectively.  
  For the spring maize, it was recommended to use the deficit irrigation 
strategy  with total irrigation application of 1/3 net irrigation 
requirement (Inet) for the fertilizer application lower than 20% of 
NRFD; deficit irrigation strategy with total irrigation application of 1/2 
Inet for  the fertilizer application more than 20% of NRFD up to NRFD; 
and Full irrigation for fertilizer application higher than NRFD.  
From the study of management strategies, it can be concluded that soil fertility 
management should be balanced with irrigation water management to 
increase the grain yield. Improvement of soil fertility without adjustment of 
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irrigation management not only destabilizes the yield, but can also result in 
early crop failure. However, when rainfall is abundant as in the monsoon 
season, soil fertility management can increase the crop yield without 
considering supplemental irrigation.  
With this kind of application, AquaCrop can be a valuable tool for assisting 
irrigation managers, water authorities, extension services, agriculture scientists 
and policy makers.  
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Chapter 7: Local yield forecasting using AquaCrop 
7.1 Introduction 
Reliable crop yield forecast can help in making timely crop management 
decisions during the season such as an (extra) irrigation application to increase 
crop productivity. Early warning on yield failure or poor crop yield by the end 
of season can help policy makers to take appropriate counter action to 
ameliorate food shortage.  
Most attempts in crop yield forecast have been heavily based on the empirical 
relationships of environmental parameters such as rainfall, temperatures, 
environmental indexes etc. with respect to the crop yield (Isard et al., 1995; 
Jain and Ranjana, 2000; Kandiannan et al., 2002). However, these methods are 
specifically designed for the region and can only be implemented in the region 
it is developed for.  
Other attempts have been made to produce seasonal climate forecasts using 
Global/Regional Circulation Models (GCMs/RCMs) and using them in crop 
growth models (Van den Dool et al., 2006; Shin et al., 2006; Baigorria et al., 
2008). However, the use of these models is not straightforward process, as 
direct use of forecasted meteorological values from these models is 
problematic due to the use of imperfect models and spatial averaging within 
GCM/RCM grid cells that can correspond to different climatic zone (Baigorria 
et al., 2008). Different statistical correction methods have been developed to 
overcome such inaccuracies making the overall process too complex to be 
used.  
Duchon (1986) has used the historical climatic data to predict the corn yield 
during the season with CERES-Maize model. This method was found useful in 
predicting the yield within the realistic weather sequences. 
In this chapter, historical climatic data will be used to predict the crop yield at 
specific intervals during the season. The yield prediction until the flowering 
period by updating the climate with actual climate will also be analyzed in this 
chapter.  
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7.2 Materials and methods 
As concluded from the field experiments and simulations from Chapter 6, the 
maize is most affected by the variability of the rainfall during the season as it is 
sown towards the end of dry season and can benefit from the early monsoon 
rainfall. To demonstrate the yield prediction using AquaCrop, simulations in 
this chapter were run only for maize. The results of field experiments of maize 
with national recommended fertilizer from 2009-2011 (Chapter 3) i.e. RFn1 
and RFn2 were considered for the analysis.  
Frequency analysis can be done on the historical climatic data to generate the 
climate for wet and dry years. The frequency analysis of the daily rainfall might 
be difficult due to presence of many zero rainfall days during the dry seasons. 
Therefore, aggregation of daily data to 10-daily data provides the opportunity 
to perform the frequency analysis. Before using 10-daily data in AquaCrop, 
simulations with 10-daily data should be tested and compared with daily data 
simulations. The difference in soil water balance, canopy development, 
biomass production and grain yield should be assessed.  
7.2.1 Performance of AquaCrop with 10-daily data 
At the run time of AquaCrop, the 10-daily data input are processed to derive 
daily minimum and maximum air temperatures (Tmin and Tmax), reference 
evapotranspiration (ETo) and rain data. Based on the interpolation procedure 
presented by Gommes (1983), the daily ETo, Tmin and Tmax are obtained by 
weighing the ETo, Tmin and Tmax in the previous, actual and next 10 day 
period. The same interpolation procedure is applied for 10-daily rainfall 
however it is highly unlikely that the rainfall is homogenously distributed over 
all days in 10-day period, so some further processing is done to estimate : 
(i) The surface runoff: 
To estimate the water lost by surface runoff with the 10-daily 
rainfall data, a specific number of rainfall events during the 10-day 
period needs to be selected. Based on the number of rain events, 
the total 10-daily rainfall is divided into the number of events, thus 
obtaining the rainfall amount per shower. The surface runoff for 
rainfall is subsequently calculated with curve number (CN) method 
(USDA, 1964; Rallison, 1980; Steenhuis et al., 1995). As the day(s) 
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at which it rains are unknown, the curve number is not corrected 
for the soil wetness and the CN value for Antecedent Moisture 
Class II is used. For this case study, the average number of rainfall 
events occurring in 10-daily period was calculated from the 
historical daily rainfall data and was taken as three. 
(ii) Effective rainfall and deep percolation: 
Effective rainfall is the amount of rainfall that is not lost by surface 
runoff or deep percolation and is stored in the root zone. 
However, if the rainfall is in 10-daily format, the rainfall 
distribution over the period is unknown, and thus the calculation 
of the amount of rainfall lost by deep percolation is not possible by 
solving the water balance with a daily step. Hence, one or the 
other procedure selected by the user estimates the effective 
rainfall after the subtraction of water lost by surface runoff. The 
following procedures are available to determine the effective 
rainfall in AquaCrop: 
-  100-percent effective 
- USDA-SCS procedure (SCS, 1993) 
- Expressed as percentage of rainfall 
As USDA-SCS procedure was considered most accurate among the 
three procedures, it was selected for our simulations.  
(iii) Soil evaporation: 
The calculation of soil evaporation in AquaCrop assumes that the 
evaporation takes place in two stages (Raes et al., 2012). Muhutu 
(2011) estimated that by distributing the rainfall homogenously 
over all days of 10-day period, soil evaporation is likely to be 
overestimated by 10-30% with the two-stage calculation 
procedure depending on soil type. The soil evaporation is adjusted 
by multiplying the estimated daily evaporation (E) with a reduction 
factor: 
       
     
  
 
     (Eq. 7.1) 
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where, REW is the Readily Evaporable Water(mm), and n is 
program parameter which may vary between 1 (strong reduction) 
and 10(light reduction).  
For this case study, the value for the n was set at 1, which was 
estimated by simulating with n ranging between 1 and 10, and 
assessing the simulated soil water content, canopy cover and 
biomass production during the season.  
Simulations were run with the daily and 10-daily data for the field experiments 
of maize with the national recommended fertilizer from 2010-2011 (Chapter 3) 
i.e. RFn1 (2010) and RFn2 (2011). Statistical parameters (Section 4.3.1) for 
model performance (soil water content, the biomass production and the 
canopy cover) are calculated for both simulations and compared. Additionally, 
to compare the simulations of the final yield simulations were run for historical 
daily and 10-daily weather data from 1981-2010. 
7.2.2 Yield prediction 
With the climatic data for the wet and dry years (e.g. - Figure 7.1 a), the yield 
can be predicted by yield simulations for various types of years at the start of 
the season. As the growing season progresses, the observed climatic data can 
be updated until that date to estimate the expected final yield range for wet 
and dry year (e.g. -Figure 7.1 b). 
  
           (a)          (b) 
Figure 7. 1: Example of 10-daily rainfall for wet, normal and dry years to use for simulation of 
final maize yield at (a) start of the growing season (b)  mid of the growing season, updated 
with observed rainfall data.  
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            (a)               (b) 
Figure 7. 2: Example of historical daily rainfall data for 29 years to use for simulation of final 
maize yield at (a) start of the growing season (b) mid of the growing season, updated with 
observed rainfall data. 
As an alternative method, use of historical daily climatic data to predict the 
yield suggested by Duchon (1986) was used to predict the yield. In this 
method, the simulations were run in AquaCrop with historical daily climatic 
data for 29 years (Figure 7.2 a) at the start of growing season to predict final 
maize yields within an interval. During the mid-season, the historical climatic 
data from earlier years were spliced into the observed climatic data (Figure 7.2 
b) to update the prediction of the final maize yield.  
7.3 Results and discussions 
7.3.1 Performance of AquaCrop with 10-daily data 
The comparison of simulations results with 10-daily and daily data are 
presented graphically in Figures 7.3 (a,b and c), 7.4 (a,b and c) and 7.5. The 
results of the simulated final yield simulations for historical daily and 10-daily 
weather data are presented in Figure 7.6 (a and b).    
As seen from Table 7.1 and Figures 7.3 (a,b and c), 7.4 (a,b and c), the 
statistical performance of AquaCrop model for 10-daily and daily were almost 
similar for late sowing date (RFn2; 2011). For the crop sown in an earlier date 
(RFn1; 2010), the statistical performance was lower for simulation with 10-
daily data than daily data. The yield was also predicted lower for RFn1 (2010) 
with 10-daily data. The comparison of yield simulated by daily and 10-daily 
data for 30 years (Figure 7.6 a and b and Table 7.2) showed good statistical fit. 
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However, the simulation with 10-daily data consistently underestimates the 
lower yields, which increased the CV (RMSE).  
   
            (a)                                                                        (b) 
 
   (c) 
Figure 7. 3: Observed (symbols) and simulated (continuous line with daily weather data and 
dotted line with 10-daily weather data)  (a)soil water content in the root zone (b) biomass and 
(c) canopy cover for plot RFn1 (2010). Error bars represent standard deviation (n=3). Small 
dashed line Figure (a) represents field capacity, big dashed line represents permanent wilting 
point and dashed and dotted line represents the limit from which crop senescence starts.  
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                 (a)                                                                                           (b) 
 
   (c) 
Figure 7. 4: Observed (symbols) and simulated (continuous line with daily weather data and 
dotted line with 10-daily weather data)  (a)soil water content in the root zone (b) biomass and 
(c) canopy cover for plot RFn2 (2011). Error bars represent standard deviation (n=3). Small 
dashed line Figure (a) represents field capacity, big dashed line represents permanent wilting 
point and dashed and dotted line represents the limit from which crop senescence starts.  
 
Table 7. 1: Statistical parameters for performance of model with 10-daily and daily data for 
the simulation of Soil Water Content (SWC), Biomass and Canopy Cover(CC).  
RFn1 
  10-daily data Daily data 
 
SWC Biomass CC SWC Biomass CC 
CV(RMSE) 0.07 0.22 0.46 0.04 0.17 0.23 
R² 0.90 0.96 0.70 0.96 0.95 0.93 
EF 0.84 0.91 0.47 0.93 0.95 0.86 
RFn2 
CV(RMSE) 0.03 0.16 0.16 0.03 0.17 0.17 
R² 0.88 0.97 0.98 0.94 0.96 0.98 
EF 0.87 0.95 0.94 0.88 0.95 0.93 
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Figure 7. 5: Observed yields in experimental fields RFn1 (2010) and RFn2 (2011) plotted with 
simulated yields with daily and 10-daily data. Error bars represent standard deviation for 
observed yield (n=3). 
 
                                                    (a)                                                                                            (b) 
Figure 7. 6: Simulated grain yield results for 30 years (1981-2010) with daily and 10-daily data 
for maize sown on (a) February 14 (RFn1) and (b) March 28 (RFn2). (Dashed line represents 1:1 
line). 
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Table 7. 2: Statistical parameters comparing simulations with daily and 10-daily  historical 
climatic data for 30 years (1981-2010) in RFn1 (starting on February 14) and RFn2 (starting on 
March 29). 
 
RFn1 RFn2 
CV(RMSE) 0.34 0.13 
R² 0.92 0.77 
EF 0.84 0.41 
 
The average soil water content, biomass and canopy cover development was 
well simulated by the model with 10-daily data. However, detailed 
investigation of the soil water balance of RFn1 (Figure 7.3 a) and the years 
when the yield was underestimated by 10-daily data (Figure 7.6 a) revealed the 
effect of the the soil water content when it drops below the threshold for 
canopy senescence (0.69 of Total Available Water (TAW) depleted) triggering 
the decline in green canopy cover.  
  
                        (a)                 (b) 
Figure 7. 7: Comparison of simulated yield results with daily and 10-daily data for Maize after 
correction of senescence threshold for (a) selected cases when yield were simulated lower by 
10-daily data (b) all cases. (Dashed line represents 1:1 line). 
After the subtraction of surface runoff, deep percolation and evaporation, 10-
daily rainfall is evenly distributed in the case of simulation by 10-daily rainfall. 
When the soil water content drops below the threshold for canopy 
senescence, the distribution procedure keeps the soil water content below the 
threshold of the canopy senescence resulting in continuous decrease in green 
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canopy cover and subsequently biomass and yield. However, in simulation with 
daily rainfall, the rainfall is not distributed evenly and a particular rain event 
might bring the soil water content above the threshold resulting in halting the 
decline of the remaining green canopy cover, which results in a higher biomass 
and yield.  
To test our analysis, the threshold for crop senescence was lowered from 0.69 
of TAW to 0.77 of TAW for simulations with 10-daily data. The comparison with 
yield results with daily data are plotted in Figure 7.7 a. The shift of data toward 
1:1 line corresponds with the reasoning above for low biomass and yield with 
10-daily simulations. However, the change of threshold for crop senescence 
can increase the yield in other cases (Figure 7.7 b).  
As there was discrepancy in simulation of the lower yields with 10-daily data 
due to early senescence, the use of 10-daily data to predict the yield was not 
deemed suitable for this case study.  
7.3.2 Yield prediction 
As the use of 10-daily data to predict the yield was not deemed suitable for 
yield simulations (Section 7.3.1), it was not considered to use for yield 
prediction in this research.  
Table 7. 3: Comparison of observed (2010 and 2011) with estimated final biomass and yield at 
the start of the season (Average value Standard Deviation (SD)) for different climatic conditions. 
Sowing date 1 (RFn1, starting on February 14) 
 
Simulated Observed (2010) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 11.5 3.0 
4.20.2 0.30.2 AverageSD 6.02.9 1.21.1 
Minimum 2.8 0.1 
Sowing date 2 (Rfn2, starting on March 28) 
 
Simulated Observed (2011) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 11.4 3.0 
9.30.6 2.80.3 AverageSD 9.41.6 2.40.4 
Minimum 5.8 1.5 
 
 
For the estimation of the yield at the end of season for two different sowing 
dates (RFn1; February 14, 2010 and RFn2; March 29, 2011), simulations were 
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run with the daily observed climate data for 29 years (1981-2009). The 
maximum, average and minimum yield and biomass obtained from the 
simulation with 29-year climatic data at the start of the season is presented in 
Table 7.3.  
Subsequently, at the middle of the season, the climatic data was updated with 
the actual climatic data and for the rest of the season the climatic data 
recorded in the last 29 years were spliced in and simulations were run for each 
year. The maximum, average and minimum yield and biomass obtained from 
the simulation with updated climatic data until middle of season is presented 
in Table 7.4.  
Table 7. 4: Comparison of observed (2010 and 2011) with estimated final biomass and yield at 
the middle of the season (Average value standard deviation) for different climatic conditions. 
Sowing date 1 (RFn1, starting on February 14) 
 
Simulated Observed (2010) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 9.6 2.5 
4.20.2 0.30.2 AverageSD 4.82.1 0.90.8 
Minimum 2.8 0.1 
Sowing date 2 (Rfn2, starting on March 28) 
 
Simulated Observed (2011) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 10.4 2.7 
9.30.6 2.80.3 AverageSD 9.71.1 2.50.4 
Minimum 5.5 0.7 
 
 
Again at middle of the flowering period, the climatic data was updated with 
the actual climatic data and for the rest of the season the climatic data 
recorded in last 29 years were spliced in and simulations were run for each 
year. The maximum, average and minimum yield and biomass obtained from 
the simulation with updated climatic data until the flowering period is 
presented in Table 7.5.  
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Table 7. 5: Comparison of observed (2010 and 2011) with estimated final biomass and yield 
after flowering (Average value standard deviation) for different climatic conditions. 
Sowing date 1 (RFn1, starting on February 14) 
 
Simulated Observed (2010) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 4.4 0.5 
4.20.2 0.30.2 AverageSD 4.30.1 0.40.0 
Minimum 4.2 0.4 
Sowing date 2 (Rfn2, starting on March 28) 
 
Simulated Observed (2011) 
 
Final biomass (t/ha) Final yield (t/ha) Final biomass (t/ha) Final yield (t/ha) 
Maximum 10.5 2.7 
9.30.6 2.80.3 AverageSD 10.20.1 2.70.0 
Minimum 10.2 2.6 
 
To compare the decrease in the interval of yield prediction as the season 
progresses, the simulated yield predictions were plotted in Figure 7.8 a and b.  
      
                                                (a)                                                                                          (b) 
Figure 7. 8: Evolution of yield prediction as the season progresses for maize sown on (a) 
February 14 (RFn1; 2010) and (b) March 29 (RFn2; 2011). Box boundaries indicate 25 and 75-
percentiles, the line within box is the median, cross inside box is mean, the small circles are 
outliers, whiskers indicate 9 and 91 percentiles. The straight solid line across the graph behind 
boxes indicates the observed yield and the dotted straight lines indicate the standard 
deviation of the observed yield.  
The tendency of yield toward the failure for maize sown on February 14 (2010) 
can already be seen with the yield prediction at the middle of the season, 
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where majority of crop yield predicted is between 0.1-1.5 t/ha (with mean of 
0.9 t/ha and median of 0.7 t/ha) (Figure 7.8 a). The outliers at the middle of 
the season shows the yield can still reach above 2.5 t/ha indicating that there 
is a chance of saving the crop if appropriate measures (irrigation) are taken. 
The interval of the yield prediction decreases significantly by the flowering 
period predicting well the failure of the crop by the end of season. Duchon 
(1986) had also used a similar method and determined that after the flowering 
period, the crop yield could be predicted perfectly.  
For the crop sown on March 29 (2011) (Figure 7.8 b), the crop yield is 
predicted between 2.3-2.7 t/ha (with mean of 2.5 t/ha and median of 2.6 t/ha) 
at the mid of season showing the tendency toward the success of the crop. 
However, an outlier showed the crop yield as low as 0.7 t/ha (year 1998) 
showing the chance of failure of crop if such weather conditions repeats again. 
By the flowering period, the final crop yield is predicted within the standard 
deviation of the observed yield.  
It was observed that the interval of yield prediction is lower at mid of the 
season for the maize sown on March 29 in comparison to the maize sown on 
February 14. It might be due to the difference in rainfall regime between two 
seasons. To test this hypothesis, the final simulated yield for each year was 
considered as estimated observed yield for each year. The year with lowest 
yield is taken as dry year and the year with highest yield was taken as wet year. 
For maize sown on February 14, 1987 and 2007 was taken for the year with 
lowest yield (0.1 t/ha) and highest yield (3 t/ha) respectively. Similarly, for 
maize sown on March 29, 1992 was taken for the year with lowest yield (1.5 
t/ha) and highest yield (3 t/ha) respectively. The yield prediction simulations 
were run again to predict the yields for these years and the results are 
presented in the Figure 7.9 (a and b) and Figure 7.10 (a and b).  
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                                                (a)                                                                                            (b) 
Figure 7. 9: Evolution of yield prediction as the season progresses for maize sown on (a) 
February 14 (Dry year: 1987) and (b) March 29 (Dry year: 1992). Box boundaries indicate 25 
and 75-percentiles, the line within box is the median, cross inside box is mean, the small 
circles are outliers, whiskers indicate 9 and 91 percentiles. The straight solid line across the 
graph behind boxes indicates the estimated observed yield. 
 
 
                                               (a)                                                                                      (b) 
Figure 7. 10: Evolution of yield prediction as the season progresses for maize sown on (a) 
February 14 (Wet year: 2007) and (b) March 29 (Wet year: 2007). Box boundaries indicate 25 
and 75-percentiles, the line within box is the median, cross inside box is mean, the small 
circles are outliers, whiskers indicate 9 and 91 percentiles. The straight solid line across the 
graph behind boxes indicates the estimated observed yield. 
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For the maize sown on February 14, the comparison between the dry and wet 
years (Figure 7.9 a and 7.10 a respectively) showed that the interval within 
which yield predicted at mid of season is significantly lower for the wet year. 
Similar results were also observed for the maize sown on March 29. For both 
dry and wet years, the final yield could be predicted confidently by the 
flowering period.  
The effect of the rainfall regime on the predictability of the yield until the mid 
of the season might be due to the drought sensitive stages of the maize which 
lies beyond this period. The late vegetative stage and the flowering stage 
(specifically tasseling period) are considered the most drought sensitive stages 
of maize (Section 2.4.3.4). In dry years, there is possibility of the rainfall 
occurring after the mid of the season reducing crop water stress resulting in 
higher interval of yield prediction compared to wet years. While in wet years, 
the rainfall occurring before the mid of season might eliminate the chance of 
the water stress in the drought sensitive stages reducing the interval of yield 
prediction.  
The use of AquaCrop for yield prediction might yield similar results for other 
crops with similar drought sensitive stages. For e.g. rice has flowering and 
second half of vegetative period as most drought sensitive stages while wheat 
has the crown root initiation and flowering period as most drought sensitive 
stages. From our analysis, we can conclude that the yield of both rice and 
wheat can be predicted confidently by the flowering period as the most 
drought sensitive stages of both crops are before the flowering period.  
7.4 Conclusions 
The ability of the AquaCrop to perform the simulations with 10-daily data was 
analyzed. The results showed that, the average soil water content, the biomass 
and the canopy cover were well simulated. However, when the soil water 
content drops below the threshold for crop senescence, there is a discrepancy 
with daily input results. Due to this, 10-daily data simulations in comparison 
with daily data simulations underestimated the lower yields. The use of 10-
daily data for the yield forecast was hence not considered in this case study.  
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Using the daily data to predict the yield with AquaCrop needs more 
simulations, however the predictability of final yield already visible at the 
middle of season can be beneficial for different purposes. The range of yield 
prediction decreases with the progress of the season when the historical 
climatic data is replaced with the observed climatic data, and by the time of 
flowering, the final yield can already be predicted within the standard 
deviation of observed yield for the 2 years considered in this case study. The 
predictability of the yield increases highly at the mid of the season with the 
high rainfall occurring before mid of the season.  
The predictability of the yield by the end of the season at the middle of the 
season can help farmers to respond appropriately to overcome the failure of 
the crop. The early predictability of the crop failure can also help the policy 
makers and the aids agencies to take steps ahead of time for the expected 
crop failures.  
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Chapter 8: Conclusions and recommendations 
8.1 Conclusions 
The general conclusions of this research are: 
 From the field experiments conducted in Chitwan (Nepal) in 2010 and 
2011, it was observed that the increase in grain yield for rice, wheat 
and maize was significant with increase in fertilizer application rates. In 
the dry season, the water regime played a deterministic role in the 
increase of the above ground biomass and consequently final grain 
yields. However, it is concluded that due to the small sample size, this 
type of conclusions can only be indicative.  
 After fine-tuning the crop parameters with to the local environment, 
AquaCrop was able to simulate the soil water content, canopy 
development, dry aboveground biomass and grain yield observed in 
fertility stressed and non-stressed fields. The simulated yield showed 
good fit with the observed grain yield with CV(RMSD) of 0.07, R² of 
0.99 and EF of 0.95. The fine-tuned crop parameters were successfully 
used to validate AquaCrop for different water and fertilizer treatments 
and climatic conditions. For validation, the statistical analysis of the 
comparison between the observed and simulated final grain yields 
yielded very good CV(RMSD), R2 and EF values of 0.05, 0.89 and 0.84 
for rice, 0.10, 0.75 and 0.72 for wheat and 0.08, 0.97 and 0.96 for 
maize respectively. 
 A regional knowledge of farmer strategies is required to develop 
realistic representative management scenarios for the region. The 
regional farmer survey showed low use of inorganic fertilizer (about 
50% of National Recommended Fertilizer Dose (NRFD)) in the monsoon 
season. The application rate dropped to as low as 20% NRFD in 
average as the season grew drier. While 89% of farmers used irrigation 
in monsoon, little more than half of farmers used irrigation during the 
dry seasons and they mostly depended on groundwater. The average 
number of irrigation application decreased from 12 to 3 and 3 to 2 
times as drier season approached.  
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 The soil survey of region was carried out to determine the variability of 
the soil in the region. Comparison between several Pedo Transfer 
Functions (PTF) showed that the PTF of Saxton and Rawls (2006) 
resulted in the lowest estimation error of the key soil physical 
characteristics required by AquaCrop. The use of PTFs is important 
when the numbers of samples is large and when soil physical 
parameters cannot be easily determined. However, it should be noted 
that the comparison was only done for the estimation of wilting point 
due to inaccuracy in measurement of field capacity and saturation as a 
result of disturbance of the soil samples during transportation. With 
CV (RMSD) of 27%, PTF was only used to determine the representative 
physical characteristics of the soils in the region.  
 A regional analysis of the climatic variability was performed to 
determine climatic stations for analyzing representative management 
scenarios for the region. The analysis of the regional rainfall and 
evapotranspiration showed that there is minimal spatial variability of 
the climate in the Chitwan region. Data of one climatic station was 
considered sufficient to be used in AquaCrop to represent the region.  
 To make the analysis less cumbersome and to represent the soils of 
the region, the soils were classified into five categories considering 
TAW. This decreased the runtime significantly without affecting the 
accuracy of the yield estimates.  
  The representative crop management, soil, climate of the region and 
calibrated and validated AquaCrop model were used successfully to 
develop guidelines for field management strategies for the region. 
Following conclusions were drawn from the management scenario 
analysis: 
o The low yield of monsoon rice can only be increased with 
higher soil fertility. However, for winter wheat and spring 
maize, cultivated out of the monsoon season, water stress as 
well as fertility stress limits the grain yield. 
o Deficit irrigation can increase and stabilize the yield of winter 
wheat and spring maize. However, with the increase in 
fertilizer application, the irrigation application shall be 
increased accordingly. Practical guidelines for irrigation were 
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developed for the various levels of soil fertility and the five soil 
classes with the help of AquaCrop. 
 Comparison between the simulations with 10-daily data and daily data 
showed some discrepancy when soil water content drops below the 
threshold of crop senescence.  
 The method to predict the crop yield using the historical daily-
observed climatic data and updating the historical climatic data with 
observed climatic data as the growing season progresses was tested 
for AquaCrop. The successful use of historical daily-observed data with 
AquaCrop to predict maize yield at the end of season revealed that 
AquaCrop can be used for local yield forecasting. Similar strategy to 
predict the yield can be used for the crops with similar drought 
sensitive stages. 
8.2 Recommendations 
 The main cause of low yields during the monsoon season is due to the 
low use of fertilizers. However, farmers seem to be hesitant to use 
high doses of chemical fertilizers due to their negative effects by 
unbalanced fertilizer use. It is recommended further research needs to 
be done on balanced use of chemical and organic fertilizer to increase 
the soil fertility while minimizing the negative effects. The farmers 
need to be trained on the balanced use of fertilizers derived from the 
results from such researches.  
 The availability and cost of the chemical fertilizers in the peak seasons 
play an important role in their application. Policy makers should try to 
make fertilizers easily available as well as subsidizing the purchasing 
cost to make it easily accessible to the farmers.  
 The main cause during the dry seasons for the low yields is water 
stress. Given the low water availability in the region during the dry 
season, it was proven that yield could be increased and stabilized with 
deficit irrigation. In the dry season, farmers rely mainly on 
groundwater for their irrigations. However, due to high purchase and 
operating costs of the water pumps, not all farmers used 
supplementary irrigation to prevent crop failure. Some efforts have 
been made recently to make the groundwater available to the farmer 
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communities with initiatives such as the Community Groundwater 
Irrigation Sector Project (CGISP). It is recommended to develop further 
such initiatives, so that farmers can increase their yields with 
supplemental irrigation.  
 It is also recommended to provide appropriate training to farmers 
about the balance between fertilizer and irrigation applications, to 
maximize the yield.  
 Although earlier researches indicate that there is sufficient 
groundwater recharge in the region for irrigation use, further research 
is highly recommended. The potential recharge, total storage and 
potential discharge of groundwater for sustainable water use in 
irrigation should be investigated. 
 The unavailability of well-equipped soil labs in Nepal to analyze the soil 
physical properties was experienced during this research. The soil 
samples had to be transported as far as Belgium to determine the soil 
physical characteristics. The soil samples were disturbed during the 
transportation resulting in limited use ability. As these analyses plays a 
vital role to determine the optimal balance between fertility and water 
management, it is recommended to establish decent soil labs in Nepal. 
Availability of such soil labs can be useful to further validate pedo 
transfer functions for soil physical parameters, and if needed, to 
develop new pedo transfer functions for the whole region of Nepal.  
 The availability of complete sets of climatic data from well-maintained 
weather stations plays a vital role in regional simulations. It is 
recommended that the local staff to be trained for regularly logging a 
complete set of climatic data:  i.e. air temperature, rainfall, sunshine 
hours, humidity and wind speed for future uses in determining crop 
water and irrigation water requirement, and for the development of 
management strategies in the various regions of Nepal. 
 Revision of the calculation procedures in AquaCrop is recommended 
before using 10-daily data for yield forecast to remove/reduce the 
discrepancy in yield simulation when soil water content drops below 
the threshold for crop senescence during the season. 
 Research on using Global/Regional Circulation Models to forecast the 
changes in yields due to climate change is recommended. 
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Annex I: Farmer survey questionnaire  
 
Farmer Household Survey 
Demography 
Survey no (V.D.C.):   
GPS Co-ordinates:   
How long have you 
been farming: 
[1] 1 year [2] 1-5 years [3]5-10 years[4] more than 10 years [5] As long 
as I can remember 
Farm Size:   
Type of farm (Upland 
[1]  'Khet' [2] Lowland 
[3])   
  
Type of ownership: 
[1] Bought [2]Hereditory [3]On hire [4]looking after for 
someone[99]Others (Specify) 
Main Crops 
Crops (Variety) Type 
Crop 
Period 
1) [1]Local[2]Hybrid[3]Composite   
2) [1]Local[2]Hybrid[3]Composite   
3) [1]Local[2]Hybrid[3]Composite   
4) [1]Local[2]Hybrid[3]Composite   
5) [1]Local[2]Hybrid[3]Composite   
Main factor affecting planting of crop 
Factors Rice Wheat Maize 
[1] After first rainfall       
[2] Depending on SWC       
[3] Fixed time (when?)       
[99] Others (specify)       
Yield Comparison 
Yield  Rice Wheat Maize 
10 Years earlier       
Last year       
This year       
Market Price of Yield 
(Rs/kg) 
      
 
Annex I: Farmer survey questionnaire 
198 
 
Factors Affecting Yield (grain crops) 
Reasons Rice, wheat, maize 
[1]Less rainfall/water 
scarcity 
  
[2]Diseases   
[3]Lack of fertilizer and 
seeds 
  
[4]Lack of money   
[5]Lack of labour   
[6]Landslides and 
floods 
  
[7]Decrease in soil 
fertility 
  
[8]Lack of seed 
varieties 
  
[9]Lack of technology   
[99]Others   
Soil Fertility 
Loss in soil fertility [1] Yes [2] No 
Factors affecting soil fertility 
  Factors Tick if any 
Cause of soil fertility 
loss 
[1]Unscientific use of chemical fertilizers   
 [2] Continuous farming   
 [3] Sedimentation   
 [4] Landslides   
 [5] Flooding   
[6] Repetation of same crop   
 [7] Lesser use of organic fertilizer   
[8] Use of low grade seeds   
 [99]Others(explain)   
Field preparation 
Crop Method 
Price for 
hiring 
Total 
duration 
  
[1]Family labor [2] Hired labor  [3] Animal 
labor [5] Machinery [99] Others(Specify) 
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Crop Phenology (Grain Crops) 
Rice 
Nursery preparation   
Transplanting   
Spacing between 
plants 
  
Days for recovering   
Complete canopy 
cover 
  
Flowering (duration)   
Grain filling   
Senescence   
Harvesting   
Yield   
Wheat 
Seed rate   
Sowing date   
Planting method   
Line to line distance if 
sown in line 
  
Emergence   
Complete canopy 
cover 
  
Grain filling   
Ripening   
Senescence   
Harvesting   
Yield   
Maize 
Seed rate   
Sowing date   
Planting method   
Line to line distance if 
sown in line 
  
Plant to plant distance   
Emergence   
Complete canopy 
cover 
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Grain filling   
Ripening   
Senescence   
Harvesting   
Yield   
Fertilizer use 
Rice [1] Yes [2] No 
Organic 
Type Amount (kg/Katha) 
Compost   
Green Manure   
Goat manure   
Poultry manure   
Chemical 
Type Amount (kg/ha) 
Urea   
DAP   
Murate and Potash   
Zinc Sulphate   
Ammonium Sulphate   
Wheat [1] Yes [2] No 
Organic 
Type Amount (kg/Katha) 
Compost   
Green Manure   
Goat manure   
Poultry manure   
Chemical 
Type Amount (kg/ha) 
Urea   
DAP   
Murate and Potash   
Zinc Sulphate   
Ammonium Sulphate   
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Maize [1] Yes [2] No 
  
Organic 
Type Amount (kg/Katha) 
Compost   
Green Manure   
Goat manure   
Poultry manure   
Chemical 
Type Amount (kg/ha) 
Urea   
DAP   
Murate and Potash   
Zinc Sulphate   
Ammonium Sulphate   
 
 
 
 
Factors for not applying NRFD of fertilizers 
  Reason Tick one 
Organic 
[1]Unavailability   
 [2] High cost   
 [3] No Advantage   
 [4]Negative effect   
 [5]Transportation problems   
 [6] Labor unavailability   
 [7] No knowledge   
 [99]Others (specify)   
Chemical 
[1]Unavailability   
 [2] High cost   
 [3] No Advantage   
 [4]Negative effect   
 [5]Transportation problems   
 [6] Labor unavailability   
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 [7] No knowledge   
 [99]Others (specify)   
Diseases, Insects and Weed control 
Problems Method of Control Effect 
Diseases 
[1]Use of chemical remedies [2]Use of organic 
remedies[3]removing affected plants[4]Manual 
weeding[5]Nothing [99]Others (Specify) 
[1] Positive 
[2] 
Negative 
[3] None 
Insects 
[1]Use of chemical remedies [2]Use of organic 
remedies[3]removing affected plants[4]Manual 
weeding[5]Nothing [99]Others (Specify) 
[1] Positive 
[2] 
Negative 
[3] None 
Weeds 
[1]Use of chemical remedies [2]Use of organic 
remedies[3]removing affected plants[4]Manual 
weeding[5]Nothing [99]Others (Specify) 
[1] Positive 
[2] 
Negative 
[3] None 
Others (specify) 
[1]Use of chemical remedies [2]Use of organic 
remedies[3]removing affected plants[4]Manual 
weeding[5]Nothing [99]Others (Specify) 
[1] Positive 
[2] 
Negative 
[3] None 
Irrigation Water Use 
Rice [1] Yes [2] No 
Method Source 
Number of times during 
crop season 
[1]Flooding 
[2]Furrow[3]Sprinkler[
4]Drip 
[99]Others(specify) 
[1]River[2]Groundwater[3]Pond/lake[4]Can
al[99]Others(specify) 
  
      
      
      
   
   
   
Wheat [1] Yes [2] No 
Method Source 
Number of times during 
crop season 
[1]Flooding 
[2]Furrow[3]Sprinkler[
4]Drip 
[99]Others(specify) 
[1]River[2]Groundwater[3]Pond/lake[4]Can
al[99]Others(specify) 
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Maize [1] Yes [2] No 
Method Source 
Number of times during 
crop season 
[1]Flooding 
[2]Furrow[3]Sprinkler[
4]Drip 
[99]Others(specify) 
[1]River[2]Groundwater[3]Pond/lake[4]Can
al[99]Others(specify) 
  
      
      
Problems in Irrigation 
  Problems Tick one 
Rice 
[1] Water scarcity   
 [2] High cost   
 [3] No advantage   
 [4] Labour scarcity   
 [5]No pump   
[6] Sedimentation   
[7] Load shedding   
 [99] Others(specify)   
 
 
 
 
  
Wheat 
[1] Water scarcity   
 [2] High cost   
 [3] No advantage   
 [4] Labour scarcity   
 [5]No pump   
[6] Sedimentation   
[7] Load shedding   
 [99] Others(specify)   
 
Maize 
[1] Water scarcity   
 [2] High cost   
 [3] No advantage   
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 [4] Labour scarcity   
 [5]No pump   
[6] Sedimentation   
[7] Load shedding   
 [99] Others(specify)   
Action undertaken to overcome Irrigation problems 
  Method 
Tick one 
(Price) 
Rice 
[1] Nothing   
 [2] Deficit Irrigation   
[3]Using drought tolerant seed variety   
 [4] Hiring pump to irrigate   
[5] Rainwater harvesting   
  [6] Using sedimentation tank   
 [99] Others(specify)   
Wheat 
[1] Nothing   
 [2] Deficit Irrigation   
[3]Using drought tolerant seed variety   
 [4] Hiring pump to irrigate   
[5] Rainwater harvesting   
  [6] Using sedimentation tank   
 [99] Others(specify)   
Maize 
[1] Nothing   
 [2] Deficit Irrigation   
[3]Using drought tolerant seed variety   
 [4] Hiring pump to irrigate   
[5] Rainwater harvesting   
  [6] Using sedimentation tank   
 [99] Others(specify)   
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